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This Special Issue is continuation of the work published in
2018 with the same name [1]. As is expected, the control or
behavior knowledge of factors that inﬂuence on the production performance continues to be important in the academic and industrial ﬁeld. Thus, new algorithms are
developed to reduce the uncertainty and improve the eﬃciency in machines [2], processes [3, 4], and even the supply
chain [5], and new methods are proposed to know the relationship among production factors in some sectors [6, 7]
or more speciﬁc as in assembly lines [8]. In this context, the
communication
technologies
and
the
advanced
manufacturing technologies could be considered because
they aﬀect the performance and facilitate to monitoring the
production process [9, 10] or new customized product
conﬁgurations [11].
Fourteen papers have been accepted for this special issue,
after a strict review process. Between them, there are four
papers devoted to the manufacturing process, and almost all
of them show methods to control some manufacturing
parameters.
V. Flores and B. Keith in their paper titled “Gradient
Boosted Trees Predictive Models for Surface Roughness in
High-Speed Milling in the Steel and Aluminum Metalworking Industry” present a model of the surface roughness
average that evaluates the inﬂuence of the cutting conditions
in the machining process, in particular, in high-speed endmilling. The model is constructed after a predictive analysis
by gradient boosted trees derivate of machine learning
techniques.
M. Du et al. in their paper titled “Intelligent Turning Tool
Monitoring with Neural Network Adaptive Learning”

investigate the tool state monitoring in the machining
process using artiﬁcial intelligent techniques. The paper has
an experimental procedure applied to inserts in the turning
process, whereby the data are taken using vibration and
acoustic emission signals for tool monitoring. The data,
taken in real time, are treated by multitheory fusion of
wavelet decomposition and the ReliefF algorithm and after
neural network adaptive learning. The results indicate a good
prediction.
M. Jiménez et al. in their paper titled “Additive
Manufacturing Technologies: An Overview about 3D
Printing Methods and Future Prospects” realize an overview
related to additive manufacturing and considering the
structural design of the machines, possible alternatives, more
signiﬁcant materials, technological limitations, and new
perspectives in professional and academic ﬁelds.
T. R. Gazizov et al. devoted the paper “Solving the
Complexity Problem in the Electronics Production Process
by Reducing the Sensitivity of Transmission Line Characteristics to Their Parameter Variations” to the electronics
production process. With a versatile approach, the study
analyzes the reduction in sensitivity of transmission line
characteristics to their parameter variations. Diﬀerent results in microstrip lines are presented.
The other group of papers has a more comprehensive
approach, and they consider external factors to
manufacturing processes, considering the production system, the supply chain, or the enterprise. They are presented
in the following paragraphs.
Q. Chen et al. in their paper titled “Dynamic Matching in
Cloud Manufacturing considering Matching Costs” explore
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the resources’ dynamic matching in a manufacturing supply
chain that operates under a cost-sharing contract. The authors model the evolution of resource sharing by means of
diﬀerential equations, study the optimal matching strategies
by a two-stage diﬀerential game based on the dynamic
control approach, and design a cost-sharing contract to
coordinate and improve the supply chain’s performance.
Moreover, a numerical analysis shows the inﬂuence of
transaction fee and purchasing costs on diﬀerent geographical regions and strategies.
Y. Changwei and G. Jinhao focus their paper titled
“Research on Warning Threshold Value Optimization and
Disposal Strategy of Earthquake Early Warning for Highspeed Railway under Earthquake” on the design of a model
to study the derailment phenomenon of trains and the
seismic performance of diﬀerent structural types. A dynamic
simulation allows identifying the safe running speed
threshold of high-speed trains under earthquake.
F. Chen et al. in their paper titled “An Integrated
Metaheuristic Routing Method for Multiple-Block Warehouses with Ultranarrow Aisles and Access Restriction”
develop a routing algorithm that allows integrating an ant
colony optimization (ACO) and integer-coded genetic algorithm (GA). This algorithm is applied to internal logistic
with ultranarrow aisles and access restrictions. A simulation
considering 12 warehouse layouts shows that the new algorithm allows better solutions according to certain eﬃciency indexes.
J. Qin and Z. Li in their paper titled “Reliability and
Sensitivity Analysis Method for a Multistate System with
Common Cause Failure” develop a reliability assessment
method for a multistate system (MSS) with series-parallel and
common cause failure (CCF). The method is based on the
universal generating function (UGF) to which is incorporated
the CCF. Diﬀerent applications show the goodness of this
method by means of calculus of reliability indexes.
The paper “Pricing and Collection Rate for Remanufacturing Industry considering Capacity Constraint in
Recycling Channels” written by L. Xu et al. explores the
coordination in a closed-loop supply chain taking into account capacity constraints in recycling channels. The paper
considers two scenarios, centralized and decentralized, to
evaluate the equilibriums of decisions and proﬁts, according
to the game theory. Findings indicate that, in recycling
channels, when the capacity constraints surpass a threshold,
the proﬁt is modiﬁed and that these constraints aﬀect the
selling price more than other variables.
F. Brocal et al. in their paper titled “Emerging Risk
Management in Industry 4.0: An Approach to Improve
Organizational and Human Performance in the Complex
Systems” propose an organizational and human performance approach to improve the emerging risk management
in systems such as Human-Machine Interactions (HMI) and
Human-Robot Interaction (HRI). The concept of emerging
risk management in this framework is introduced and its
eﬀects on complex production systems.
The paper “The Incentive Model in Supply Chain with
Trade Credit and Default Risk” written by H. Cheng et al. is
devoted to trade credit analysis in supply chain management
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with default risk and moral hazard. The authors develop the
principal-agent models by means of incentive theory in a
newsvendor approach and considering situations of symmetric and asymmetric information. Findings indicate that
with an incentive model, the order quantity is lowered in the
incentive contract to mitigate the eﬀect of moral hazard.
X. Wang et al. in their paper titled “A Novel MOEA/D for
Multiobjective Scheduling of Flexible Manufacturing Systems”
present a deadlock-free multiobjective evolutionary algorithm
based on decomposition (DMOEA/D) applied to ﬂexible
manufacturing systems. This algorithm decomposes a multiobjective scheduling problem in single-objective subproblems
and can resolve all these subproblems in a single run. The
computational results show that this method ﬁnds better
Pareto solutions than other traditional approaches.
P. Urgilés et al. in their paper titled “Analysis of the
Earned Value Management and Earned Schedule Techniques in Complex Hydroelectric Power Production Projects: Cost and Time Forecast” focus on the uncertainty of
industrial projects. The paper analyzes the eﬃciency of the
Earned Value Management technique, as well as its Earned
Schedule extension. Simulation indicates that cost forecasting can be predicted very accurately; however, the duration forecasting is not accurate.
The paper “STEAM-ME: A Novel Model for Successful
Kaizen Implementation and Sustainable Performance of SMEs
in Vietnam” written by T. L. Nguyen proposes a model that
allows identifying critical factors during the implementation
and sustainable performance of Kaizen concept in small and
medium enterprises (SMEs). This model named “STEAM-ME”
is created from a survey carried out in 213 participants from 62
SMEs; this survey allows identifying seven factors after an
exploratory statistical analysis and structural equation modeling: supports from senior management, training, environment, assessment, motivation, mindset, and engagement of all
members in the organization.
This special issue, as the ﬁrst issue dedicated to Complexity in Manufacturing Processes and Systems, can be
interesting for engineers and managers with responsability
in manufacturing plants, where new methods and results
show how the complexity can be managed in industrial
environments. New advances can be made from the ﬁndings
of these papers.
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This paper explores the decision-making and coordination mechanism of pricing and collection rate in a closed-loop supply chain
with capacity constraint in recycling channels, which consists of one manufacturer and one retailer. On the basis of game theory,
the equilibriums of decisions and proﬁts in the centralized and decentralized scenarios are obtained and compared. Through the
performance analysis of a diﬀerent scenario, a higher saving production cost and lower competition intensity trigger the members to
engage in remanufacturing. Furthermore, we try to propose a two-part tariﬀ contract through bargaining to coordinate supply chain
and achieve a Pareto improvement. The results show that when the capacity constraints in recycling channels exceed a threshold,
the decisions and proﬁt will change. Additionally, for closed-loop supply chain, the selling price is more susceptible to the inﬂuence
of capacity constraint in recycling channel than the members’ proﬁt.

1. Introduction
In recent years, the Considering Capacity Constraint in
Recycling Channels closed-loop supply chain (CLSC) is a hot
topic in the ﬁeld of logistics and supply chain management,
which has been attracting extensive attention from the industrial and theoretical circles. According to the viewpoint of the
whole life cycle, products have been manufactured, wholesaled, retailed and used. Then, the end-of-life products are
eliminated by consumers, which are classiﬁed, cleaned, and
disassembled by the collectors; meanwhile, the valuable parts
are implemented in the process of remanufacturing [1].
Remanufacturing increases the time of material utilization,
and makes it more energy-saving and environmentally
friendly. Studies have shown that recycling and reuse of core
components can save about 40%–60% of the cost [2, 3].
Therefore, many famous enterprises like Xerox, Robert Bosch,
and Hewlett-Packard improve the performance through
remanufacturing. However, many companies still have doubts
about whether the manufacturing can bring proﬁt. Thus, it is
of great signiﬁcance to quantitatively explore the economics
of remanufacturing and give some managerial guidance to
collection and remanufacturing strategy for promoting the

development of the remanufacturing industry and improving
the level of closed-loop supply chain management.
However, the closed-loop supply chain should simultaneously consider operations of forward and reverse ﬂow. The recycling channels of closed-loop supply chain have their
corresponding inﬁnite recycling capacity; otherwise, it goes
against the realistic conditions like warehouse, routing, and staﬀ.
Under these circumstances, the relationship between capacity
constraint and supply chain performance has been unpredictable. The remanufacturing capacity of Benz-cummins, an automobile-engine remanufacturer, only 3000 per year for Cummins,
Doitz, and Mercedes-Benz. Further, Wuxi diesel-engine factory
is located in Jiangsu Province with an annual capacity of 5000
modiﬁed vehicles. Obviously, the development strategies of both
companies are aﬀected by the production capacity, so they cannot meet the market demand. In other words, if the recycling
capacity is reduced at a certain threshold, the capacity constraint
results in a huge inﬂuence of decision and proﬁt [4, 5]. In general, the less recycling capacity tends to decrease the collection
ability in the reverse channel. Note that this situation may result
in a phenomenon, which undercuts corporate proﬁt aggravate
environmental harm [6–9]. Furthermore, based on managerial
insight, realistically, the imposing capacity constraints will

2
change the manufacturing and remanufacturing process.
Managers; should also take the recycling capacity into account
when they decide the strategies. Thus, the limitation in the recycling capacity impacting the supply chain performance is a
major challenge for the operation management era.
Therefore, the behavior of collection and remanufacturing
for end-of-life products is crucial to our environment and
economic. According to the Stackelberg game, we establish a
centralized and decentralized model to obtain the decision of
pricing and collection rate in a closed-loop supply chain.
Furthermore, we adopt the Nash bargaining theory to propose
an improved coordinated contract and discuss the performance of optimal proﬁts and decisions. Diﬀerent from the
above, we mainly ﬁll in the research gap with the inﬂuence of
the capacity in recycling channel on optimal proﬁts and decisions. In addition, we focus on the design of coordination
mechanism in a closed-loop supply chain with a manufacturer
recycling channel and a retailer recycling channel to achieve
a perfect Pareto improvement. The rest of this paper is organized as follows. Section 2 reviews the relative literature of
closed-loop supply chain management and coordinated mechanism. In Section 3, the notation and assumption are provided.
We formulate the mathematical model and decision analysis
in Section 4. Further, we present the numerical analysis to
obtain some managerial insights in Section 5. Section 6 provides the conclusions and suggestions for future research.

2. Literature Review
The Several relevant literature should be reviewed here to clarify the need for our paper. In order to demonstrate in detail
the contributions, we explore the literature spanning across
two subsections. In Section 2.1, we focus on the management
of a closed-loop supply chain, which contains network design,
collection competition and recycling constraint. Then, we
address the coordination mechanism for members to improve
the performance and achieve improvement in Section 2.2.
2.1. Closed-Loop Supply Chain Management. Many scholars
discussed the remanufacturing strategy in a closed-loop supply
chain, including recycling mode and channel choice, which is an
academic problem and achieve an eﬃcient decision. Savaskan
et al. [10] based on the game theory to establish three recycling
channels to compare the diﬀerences among manufacturer
collection retailer collection and third-party collection. Then,
Savaskan et al. [11] took one manufacturer and two competitive
retailers into consideration in determining the decisions of
pricing and collection. On this basis, Wu [12] introduced the
price and service decisions into a two-stage Stackelberg game,
which consists of one manufacturer, one remanufacturer, and
one retailer. In addition, this model was extended to a dualchannel recycling model in a closed-loop supply chain between
retailer and third-party recycling competition [13]. Zhang and
Ren [14] discussed diﬀerences in optimal decision and proﬁt in
the centralized and decentralized closed-loop supply chain, as
well as analyzed the inﬂuences of channel preference and sales
service on performance. Morteza et al. [15] proposed a fuzzy twoobjective model with the random interruptions, which is a price-
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dependent demand, to construct a closed-loop network between
the manufacturer and the retailer. Taleizadeh et al. [16] combined
pricing, quality, and collection in a closed-loop supply chain,
besides explore the impact of channel structure on decision and
proﬁt. From the above, previous studies seldom considered the
impacts of competitive intensity on diﬀerent recycling models.
But beyond that, the other branch is recycling competition.
Feng et al. [17] introduced consumer preference in establishing
a dual-channel collection model for a closed-loop supply chain,
which discuss the recycling competition and recycling
conﬁguration between the manufacturer and the recycler. He et
al. [18] discussed competitive collection in a closed-loop supply
chain, which investigated remanufacturing eﬃciency and
consumer acceptance with channel inconvenience. Further, Liu
et al. [6] proposed a price- and quality-dependent competition
model between the formal and informal recyclers to explore the
impact of governmental policy on the four competitive scenarios.
Liu et al. [19] introduced the recycling competition into the
decisions of pricing and reverse channel choice and also
compared three diﬀerent dual-channel recycling models. Wang
et al. [20] combined the Stackelberg game to obtain the pricing
strategies for the three individual collection models with the
competitive collection market and demand market. From the
above, these literature on the remanufacturing strategy in a twoperiod Stackelberg game is derived by backward induction. Yet,
the remanufacturing behavior can be aﬀected by some realistic
factors, which lead to a capacity constraint in recycling channel.
How to analyze the impact of capacity constraint on the
performance in a closed-loop supply chain is an urgent problem.
Capacity constraint in decision-making is becoming
increasingly crucial in real-life scenarios. Sereno and
Efthimiadis [21] investigated the investment of ﬁrms whether
to add the capacity or not, besides discussing how capacity
constraints and incentive schemes inﬂuence ﬁrms’ strategies.
This is especially circumstance in closed-loop supply chain.
Fischetti et al. [22] adopted Benders’ decomposition without
separability to design an algorithm and conduct a numerical
analysis in deriving the capacitated facility location problems.
Mota et al. [23] proposed a multi-objective MIP model, which
combines the demand uncertainty and capacity restriction, to
guarantee the sustainable development of a closed-loop supply
chain through locating the facility. Further, Wang et al. [24]
and Dominguez et al. [25] discussed respectively the inﬂuences of capacity constraint on low-carbon and closed-loop
supply chain. Meanwhile, Zhen et al. [26] and Ljubic and
Moreno [27] optimized the network of a closed-loop supply
chain from the perspective of capacity constraint to demonstrate several decisions, such as capacity locations, network
design and technology allocation. However, they mainly
focused on the capacity constraint in distribution centers,
which ignores the restriction in recycling channels.
2.2. Coordinated Mechanism in Closed-Loop Supply Chain. The
topic of coordinated mechanism in the supply chain has
received great attention in the existing literature. From the
view of cost and revenue sharing, Cachon and Lariviere [28]
compared the revenue-sharing contract, buyback contract,
and wholesale price contract to conclude that the optimal
coordinated mechanism. Mafakheri and Nasiri [29] focused
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on the extracting value from end-of-life products to investigate
the distribution of revenue sharing in a closed-loop supply
chain. Hu and Feng [30] analyzed the revenue-sharing contract
in a supplier buyer supply chain under the demand and supply
uncertainties. Beyond that, some scholars provided the
buyback contract [12, 31] and, discount schemes [32, 33], and
lead time incentive mechanisms [34, 35]. Diﬀerent from the
traditional supply chain, Heydari and Ghasemi [36] proposed
a coordinated model in a reverse supply chain based on the
uncertainty for member’s risk, which considered the random
remanufacturing capacity, to achieve a win–win situation.
Further, Li et al. [37] emphatically analyzed the eﬃciency of
a revenue-sharing contract with the perspective of recycling
cost as an extra value for the collector. Zhao and Zhu [38]
designed a revenue-sharing mechanism to coordinate the
manufacturer and retailer considering the uncertainties of
remanufacturing rate and market demand. In addition, Xie
et al. [39] compared the performance in the centralized and
decentralized supply chain, which indicated the inﬂuence of
channel conﬂict in a reverse supply chain scenario, to get a
revenue-sharing coordinated mechanism. Therefore, for the
members in the closed-loop supply chain, eliminating doublemarginalization and ensuring proﬁt-maximization has been
a urgently problem.
In the coordinated mechanism, proﬁt distribution between
the manufacturer and retailer is more and more becoming a
hot topic in the ﬁeld of operation management [7]. Shi and
Wu [40] adopted the fuzzy decision theory to the Shapley value
for proﬁt distribution, which considered the risk inﬂuence and
capital appreciation ratio. Dai and Chen [41] designed the
mechanism of proﬁt distribution for supplier, manufacturer,
and retailer to improve the traditional Shapley value. Zhang
and Geng [42] demonstrated a proﬁt allocation model in the
evolutionary game model and discussed the impact of relative
parameters on the member’s cooperation and performance.
Chen et al. [43] compared the diﬀerent coordinated mechanisms with price- and time-dependent demand, as well as
proposed the allocation of individual income for all participants. Wu et al. [44] combined the fairness concern into the
coordinated mechanism to incentive the members’ participation in energy saving. Wang et al. [45] proposed a mixed integer-programming model, which combined the transportation
expansion, vehicle time, and collection routing to improve the
Shapley value to balance the proﬁts.
Outside of this, in order to improve the eﬃciency of supply
chain coordination, some scholars investigated the contract
with several methods. Zhang and Ren [14] provided a coordinated contract to balance the manufacturer and the retailer,
which contained revenue sharing and cost sharing. Xie et al.
[46] discussed the coordinated mechanism with service eﬀect
and sale eﬀect based on the perspectives of revenue and
expenditure. In total, there are limited points of previous studies, which didn’t achieve perfectly the coordination in a closedloop supply chain.
Diﬀerent from the existing literature, this paper focuses on
the decision and coordination of a closed-loop supply chain
with a manufacturer recycling channel and a retailer recycling
channel to obtain managerial insights from the perspective of
capacity constraint in recycling channels. The main contributions
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Table 1: Notations and explanations.
Notation

𝑐𝑚
𝑐𝑟
𝑠
𝑘
𝛾
𝑏
𝑧𝑚
𝑧𝑟
𝑝
w
𝜏𝑚
𝜏𝑟
𝜋sc
𝜋𝑚
𝜋𝑟
𝜃𝑚
𝜃𝑟

Explanation
The production cost manufactured the new product
via raw materials
The production cost manufactured the
manufactured product via used products
The saving production cost between the new and the
remanufactured product
The scaling parameter for collection cost in a
recycling channel
The competition intensity between two collection
channels
The transfer price from manufacturer to retailer to
collect used product
The available capacity constraint in the
manufacturer’s recycling channel
The available capacity constraint in the retailer’s
recycling channel
The retailer’s selling price for unit product
The manufacturer’s wholesale price for unit product
The manufacturer’s collection rate for used
production
The retailer’s collection rate for used production
The proﬁt function for supply chain
The proﬁt function for manufacturer
The proﬁt function for retailer
The bargaining power for manufacturer
The bargaining power for retailer

of this paper are characterized by three ﬁelds. The ﬁrst is to
examine the impacts of competitive intensity for recycling
channel on optimal decision and proﬁt. The second is to discuss
the eﬀectiveness conditions of capacity constraint in recycling
channels for optimal decisions and proﬁts. Finally, we propose
a two-part tariﬀ contract through bargaining to coordinate
closed-loop supply chain and achieve a Pareto improvement.

3. Problem Description and Assumption
In this paper, we investigate the decision and coordination of
a closed-loop supply chain, which consists of one-single manufacturer and one-single retailer under capacity constraints
in recycling channel. In the forward channel, the manufacturer
sells a certain type of product through the retailer to consumers. Further, the manufacturer and the retailer collect used
products in the reverse channel. Since the recycling channels
for used products can diﬀer, the demands are divided into two
types from both the manufacturer and retailer, which are
aﬀected by the competition intensity between the two recycling channels. To discuss the decision behavior and coordination mechanism under capacity constraints in recycling
channels, we suppose that the manufacturer follows the “lotfor-lot” policy, which is applied in the existing literature.
Notation and explanations are listed in Table 1.
In addition, the following assumptions are considered in
our mathematical models under the capacity constraints.
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Table 2: Decisions with diﬀerent strategies in the centralized scenario.
Optimal decisions (푝, 휏𝑚 , 푎푛푑 휏𝑟 )

Strategy
N-N-P
N-N-F
Y-N-P
Y-N-F
N-Y-P
N-Y-F
Y-Y-P
Y-Y-F

푝 =

2

푘(푎 + 푐) − 2푎푠 (1 − 훾)
2

, 휏푚 =

푠(1 − 훾)(푎 − 푐)

, 휏푟 =

푠(1 − 훾)(푎 − 푐)

2[푘 − 푠 (1 − 훾)]
2[푘 − 푠2 (1 − 훾)]
푎 + 푐 − 푠
1
1
, 휏𝑚 = , 휏𝑟 =
푝 =
2
2
2
2
푘(푎 + 푐 − 푠 ⋅ 푧푟 ) − 푎푠 (1 − 훾)
푠(1 − 훾)(푎 − 푐 + 푠 ⋅ 푧푟 )
푝 =
, 휏푚 =
, 휏푟 = 푧푟
2
2푘 − 푠 (1 − 훾)
2푘 − 푠2 (1 − 훾)
푎 + 푐 − 푠
푝 =
, 휏𝑚 = 1 − 푧𝑟 , 휏𝑟 = 푧𝑟
2
푘(푎 + 푐 − 푠 ⋅ 푧푚 ) − 푎푠2 (1 − 훾)
푠(1 − 훾)(푎 − 푐 − 푠 ⋅ 푧푚 )
푝 =
, 휏푚 = 푧푚 , 휏푟 =
2
2푘 − 푠 (1 − 훾)
2푘 − 푠2 (1 − 훾)
푎 + 푐 − 푠
푝 =
, 휏𝑚 = 푧𝑚 , 휏𝑟 = 1 − 푧𝑚
2
푎 + 푐 − 푠(푧𝑚 + 푧𝑟 )
, 휏𝑚 = 푧𝑚 , 휏𝑟 = 푧𝑟
푝 =
2
푎 + 푐 − 푠
푝 =
, 휏𝑚 = 푧𝑚 , 휏𝑟 = 푧𝑟
2
2[푘 − 푠 (1 − 훾)]

Assumption 1. Following the existing literature and many
others [10, 18, 47], we suppose that there is no signiﬁcant
diﬀerence between new and remanufactured product and the
market demand is a linear function 퐷 = 푎 − 푝, which shows
a trend of monotonically decreasing and continuous with
respect to the selling price.
Assumption 2. Comparing the new and remanufactured
product, we adopt 𝑐 and 푐 − 푠 to characterize the production
cost for two types of products, where the average production
cost 푐 = 푐(1 − 휏𝑚 − 휏𝑟 ) + (푐 − 푠)(휏𝑚 + 휏𝑟 ) represents the saving
production cost between the new and the remanufactured
product. Thus, we derive the relationship 푠 < 푐 < 푐 and
0 < 푏 < 푠, which ensure the collection behavior is proﬁtable.
Assumption 3. Considering the recycling competition
between manufacturer and retailer, we introduce the
competition intensity into our research, which reﬂects the
competition level between two channels in collecting used
products. Therefore, the larger the competition intensity is,
the more ﬁerce the collection is. Consistent with Zou et al.
[48], Xu et al. [49] and Jerbia et al. [50], we get a symmetric
inﬂuence between two channels. We suppose there exists
competition between the two collection channels. This paper
refers to the competition intensity between two collection
channels and it reﬂects intense competition level between
two collection agents in collecting used products. The
collection investments for both the manufacturer and the
retailer are a quadratic functions with the collection rate,
푘(휏푚2 + 훾휏푟2 )/2(1 − 훾2 ) and 푘(훾휏푚2 + 휏푟2 )/2(1 − 훾2 ), which is
widely used in the literature [13, 19, 51].
Assumption 4. In addition, the recycling quantities from the
manufacturer and the retailer are set at a level much lower
than the actual levels in collecting used products [5, 52, 53].
To some extent, this is intuitively consistent with reality since
the actual conditions often incur a drop recycling quantity.

2

Hence, we adopt 0 ≤ 휏𝑚 ≤ 푧𝑚, 0 ≤ 휏𝑟 ≤ 푧𝑟 and 0 ≤ 휏𝑚 + 휏𝑟 ≤ 1
as the relationship to characterize the collection rates of
manufacturer and retailer.
Assumption 5. According to Zhao and Zhu [38], Wang et
al., [54], and Zhao and Zhu [55], we consider a symmetricinformation Stackelberg game led by the manufacturer and
followed by the retailer in closed-loop supply chain, in which
the bargaining power of the retailer is limited compared with
that of the manufacturer.

4. Model Equilibrium
In this section, we explore the decisions of pricing and collection rate for a closed-loop supply chain in the centralized scenario and decentralized scenario. Considering the capacity
constraint, the manufacturer and the retailer have two options
“N” or “Y,” which mean that the quantities of used products
from diﬀerent recycling channels exceed the capacity constraint or not. Further, we denote “P” or “F” to illustrate that
a part of used products or full of used products from the manufacturer and the retailer turns remanufacturing. We discuss
eight strategies to obtain equilibriums in the centralized scenario and decentralized scenario.
4.1. Centralized Scenario. Initially, we establish a centralized
model for a closed-loop supply chain and get the decisions
of pricing and collection rate with capacity constraint in the
recycling channel. Under this structure, the manufacturer
and the retailer as a system aim to maximize the total proﬁt.
Therefore, the proﬁt function for a supply chain is given as
follows
푘 휏2 +휏2
휋푠푐 = [푝 − 푐 + 푠(휏푚 + 휏푟 )](푎 − 푝) − 2( 푚1−훾푟 )
( )
s.t. 휏푚 ≤ 푧푚 , 휏푟 ≤ 푧푟 , 휏푚 + 휏푟 ≤ 1.

(1)

Y-Y-F

Y-Y-P

N-Y-F

N-Y-P

Y-N-F

Y-N-P

N-N-F

N-N-P

Strategy

푝 =

2

2

푝 =

4푘 − 푠2 (1 − 훾2 )

푝 =

,w =

, 휏푚 =

푠(1 − 훾2 )[푎 + 푠(1 − 푧푚 )] − 2푘(1 − 푧푚 )

, 휏푚 = 푧푚 , 휏푟 =

4푘 − 푠2 (2 − 훾)(1 − 훾2 )

푝 =

푎 + 푐 − 푠(1 − 2푧𝑟 )
3푎 + 푐 − 푠
,w =
, 휏𝑚 = 푧𝑚 , 휏𝑟 = 푧𝑟
4
2

, 휏푚 = 푧푚 , 휏푟 = 1 − 푧푚
푠(1 − 훾2 )
푠(1 − 훾2 )
푎 + 푐 − 푠(푧𝑚 − 푧𝑟 )
3푎 + 푐 − 푠(푧𝑚 + 푧𝑟 )
,w =
, 휏𝑚 = 푧𝑚 , 휏𝑟 = 푧𝑟
푝 =
4
2

,w =

4푘 − 푠2 (2 − 훾)(1 − 훾2 )

푠(1 − 훾2 )(푎 − 푐 + 푠 ⋅ 푧푚 )

4푘 − 푠2 (1 − 훾2 )

2

4푘 + 푠2 (1 − 훾)(1 + 훾)
, 휏푟 = 푧푟

, 휏푟 =

푠(1 − 훾2 )(푎 − 푐 + 2푠)

4푘 − 3푠2 (3 − 훾)(1 − 훾2 )

푠(푎 − 푐)(1 − 훾2 )

푠(1 − 훾2 )(푎 − 푐 + 푠 ⋅ 푧푟 )

2

4푘 + 푠2 (1 − 훾)(1 + 훾)

2푘(푎 + 푐 − 푠 ⋅ 푧푚 ) − 푠2 (1 − 훾2 )(푎 − 훾푎 − 푐 + 푠 ⋅ 푧푚 )

푎푠(1 − 훾2 ) − 푘(1 − 푧푚 )

,w =

, 휏푟 =

4푘 − 푠(1 − 훾2 )[푎 − 푐 + 푠(1 − 훾)]

2푘(푎 + 푐 + 푠 ⋅ 푧푟 ) − 푠2 (1 − 훾2 )(푎 + 푠 ⋅ 푧푟 )

2

4푘 + 푠2 (1 − 훾)(1 + 훾)

푠(푎 − 푐)(1 − 훾2 )
4푘 − 3푠2 (3 − 훾)(1 − 훾2 )

, 휏푚 =

, 휏푚 =

4푘 − 푠2 (1 − 훾2 )
푎 + 푐 − 푠(1 − 2푧𝑟 )
3푎 + 푐 − 푠
,w =
, 휏𝑚 = 1 − 푧𝑟 , 휏𝑟 = 푧𝑟
푝 =
4
2

푘(3푎 + 푐 − 푠 ⋅ 푧푟 ) − 푎푠2 (1 − 훾2 )

4푘 − 푠2 (2 − 훾)(1 − 훾2 )

4푘 − 3푠2 (3 − 훾)(1 − 훾2 )

2푘(푎 + 푐) − 푠2 (2푎 − 훾푎 + 푐)(1 − 훾2 )

Optimal decisions (푝, 휏𝑚 , 푎푛푑 휏𝑟 )

2푘(푎 + 푐 − 2푠) − 푠2 (1 − 훾2 )(2푎 + 훾푎 − 푐 + 2푠)

,w =

푘(3푎 + 푐 − 푠 ⋅ 푧푚 ) − 푎푠2 (2 − 훾)(1 − 훾2 )

푝 =

4푘 + 푠2 (1 − 훾)(1 + 훾)

,w =

4푘 − 3푠2 (3 − 훾)(1 − 훾2 )

2

푘(3푎 + 푐) − 푎 ⋅ 푠 (3 − 훾)(1 − 훾 )

푘(3푎 + 푐 − 2푠) + 푎푠2 (1 − 훾)(1 + 훾)

푝 =

2

Table 3: Decisions with diﬀerent strategies in the decentralized scenario.
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Table 4: Optimal decisions and proﬁts in diﬀerent scenarios.

Centralized scenario
Decentralized scenario
Coordination contract

𝜃𝑚
—
—
0.5
0.6
0.7
0.8
0.9
1.0

𝑝
5.703
7.843
—
—
—
—
—
—

𝐹
—
—
6.725
6.430
6.135
5.840
5.545
5.250

w
—
6.062
5.703
5.703
5.703
5.703
5.703
5.703

Proposition 1. In the centralized scenario, the equilibrium
can be expressed as in Table 2.
Proof of Proposition 1 is in supplementary materials
(available here). Proposition 2 demonstrates the following
results: (1) neither the manufacturer’s nor retailer’s collection
rates are not aﬀected by the capacity constraints under the conditions 푘 > max (푘1 , 푘2 ), where 푘1 = 푠(1 − 훾) (푎 − 푐 + 2푠 ⋅ 푧𝑚 )/2푧𝑚
and 푘2 = 푠(1 − 훾)(푎 − 푐 + 2푠 ⋅ 푧푟 )/2푧푟; (2) both the manufacturer’s and the retailer’s collection rates are closely associated with
the capacity constraints under the conditions 푘 < min (푘3 , 푘4 ),
where 푘3 = 푠(1 − 훾) [푎 − 푐 + 푠(푧𝑚 + 푧𝑟 )]/2푧𝑚 and 푘4 = 푠(1 − 훾)
[푎 − 푐 + 푠(푧𝑚 + 푧𝑟 )]/2푧𝑟; (3) only the manufacturer’s collection
rate is aﬀected by the capacity constraints under the condition
푘1 < 푘 < 푘3; (4) only the retailer’s collection rate is aﬀected by
the capacity constraints under the conditions 푘2 < 푘 < 푘4.
4.2. Decentralized Scenario. Next, we consider the
manufacturer and the retailer are independent, with the aim
of maximizing one’s proﬁt. According to the Stackelberg
game, the manufacturer ﬁrst determines the wholesale price
and collection rate. Then the retailer decides the selling price
and collection rate. Therefore, the proﬁt functions for the
manufacturer and the retailer are respectively given as follows:

휋푚 = [w − 푐 + 푠(휏푚 + 휏푟 ) − 푏휏푟 ](푎 − 푝) −

푘(휏푚2 + 훾휏푟2 )
2(1 − 훾2 )

푘 훾휏푚2 +휏푟2 )
휋푟 = (푝 − w + 푏휏푟 )(푎 − 푝) − (2 1−훾
( 2)
s.t. 휏푚 ≤ 푧푚 , 휏푟 ≤ 푧푟 , 휏푚 + 휏푟 ≤ 11

. (2)

(3)

Proposition 2. In the decentralized scenario, the equilibrium
can be expressed as in Table 3.
Proof of Proposition 2 is in supplementary materials
(available here). Proposition 2 demonstratesthe following
results: (1) neither the manufacturer’s nor retailer’s collection
rates are not aﬀected by the capacity constraints under the
conditions 푘 > max (푘5 , 푘6 ), where 푘5 = 푠(1 − 훾2 )[푎 − 푐+
푠푧𝑚 (3 − 훾)](4푧𝑚 ) and 푘6 = 푠(1 − 훾2 )[푎 − 푐 + 푠푧𝑟 (3 − 훾)]/4푧𝑟;
(2) both the manufacturer’s and retailer’s collection rates are
closely associated with the capacity constraints under the conditions 푘 < min (푘7 , 푘8 ), where 푘7 = 푠(1 − 훾2 )[1 − 푐+푠(푧𝑚 + 푧𝑟 )]/4
𝑧𝑚 and 푘8 = 푠(1 − 훾2 )[푎 − 푐 + 푠(푧푚 + 푧푟 )]/4푧푟; (3) only the

𝜏𝑚
0.462
0.313
0.462
0.462
0.462
0.462
0.462
0.462

𝜏𝑟
0.45
0.313
0.45
0.45
0.45
0.45
0.45
0.45

𝜋𝑚
—
7.947
10.567
10.861
11.156
11.451
11.746
12.041

𝜋𝑟
—
4.105
5.579
5.285
4.990
4.695
4.400
4.105

𝜋sc
16.146
12.052
16.146
16.146
16.146
16.146
16.146
16.146

manufacturer’s collection rate is aﬀected by capacity constraints under the condition 푘5 < 푘 < 푘7; (4) only the retailer’s
collection rate is aﬀected by capacity constraints under the
conditions 푘6 < 푘 < 푘8.
Next, we compare the equilibriums in the decentralized
scenario and centralized scenarios to investigate the diﬀerences in optimal performance.
Proposition 3. From the above equilibrium, the following orders
can be obtained: 푝𝐶 ≤ 푝𝐷, 휏𝑚𝐶 ≥ 휏𝑚𝐷, 휏𝑟𝐶 ≥ 휏𝑟𝐷 and 휋sc𝐶 ≥ 휋sc𝐷.
This relationship can be derived through algebraic comparison. From the above, it indicates that the centralized scenario results in a lower selling price and a higher collection
rate, while the minimal total proﬁt occurs under the decentralized scenario without coordination and the maximal total
proﬁt occurs under the centralized scenario. Further, a higher
saving production cost 𝑠 and lower competition intensity 𝑘 trigger the manufacturer and the retailer to engage in remanufacturing. In addition, the centralized supply chain is hard to be
carried out due to the independence for the manufacturer and
the retailer to promote the maximization of supply chain
proﬁt. Therefore, the gaps between the optimal performances
provide a substantial motivation to coordinate the members.
Hence, we will propose a contract to solve the eﬀect of double
marginalization in the supply chain, which is caused by proﬁt
conﬂict. The collection strategy adopted by manufacturer and
the retailer depends on the values of capacity constraint in the
centralized and decentralized scenarios.
4.3. Coordinated Contract. In reality, it is diﬃcult to make an
agreement possible to be accepted by both the manufacturer
and the retailer, which is explained that the upstream and
downstream as an independent entity cannot transfer their
own decision-making authority and execute centralized
scenario. In this section, we provide a side-payment selfenforcing contract to coordinate the members with capacity
constraint in recycling channels. The condition for a closedloop supply chain to achieve the performances of a centralized
scenario is negotiated in an agreement, which makes the
allocation of proﬁt fair and reasonable [7, 56, 57].
In a coordinated contract, we design a two-part tariﬀ contract through bargaining to achieve a Pareto improvement and
eliminate the eﬀect of double marginalization. According to
the above, we assume that the retailer sells products with the
wholesale price set by the manufacturer and the sub-game

Complexity
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Table 5: Sensitivity analysis for the performances considering capacity constraints.

Fluctuation of 𝛾
Centralized scenario
𝑝
𝜏𝑚
𝜏𝑟
𝜋sc
𝜆1
𝜆2
𝜆3
Decentralized scenario
𝑝
w
𝜏𝑚
𝜏𝑟
𝜋𝑚
𝜋𝑟
𝜋sc
𝜆1
𝜆2
𝜆3

−50%
Case 2
5.65
0.579
0.45
16.704
0
0
+
Case 1
7.809
6.039
0.352
0.352
8.137
4.259
12.396
0
0
0

−37.5%
Case 2
5.65
0.55
0.45
16.579
0
0
+
Case 1
7.815
6.043
0.344
0.344
8.095
4.224
12.319
0
0
0

−25%
Case 5
5.662
0.529
0.45
16.442
+
0
0
Case 1
7.823
6.049
0.335
0.335
8.042
4.286
12.328
0
0
0

−12.5%
Case 5
5.683
0.496
0.45
16.298
+
0
0
Case 1
7.832
6.055
0.325
0.325
8.036
4.146
12.182
0
0
0

equilibrium is equivalent to that in the centralized scenario.
Further, the manufacturer pays a ﬁxed fee 𝐹 to the retailer,
which is negotiated by the members’ bargaining powers to
supply chain coordination. The bargaining powers for manufacturer and retailer are 𝜃𝑚 and 𝜃𝑟. Therefore, the model can
be characterized as follows

휋푚 = [w − 푐푚 + 푐푠 (휏푚 + 휏푟 ) − 푏휏푟 ](푎 − w) −

푘(휏푚2 + 훾휏푟2 )
2(1 − 훾2 )

푘 훾휏푚2 +휏푟2 )
휋푟 = 퐹 − (2 1−훾
( 2)
s.t. 휏푚 ≤ 푧푚 , 휏푟 ≤ 푧푟 , 휏푚 + 휏푟 ≤ 1.

− 퐹.

0%
Case 5
5.703
0.462
0.45
16.146
+
0
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

12.5%
Case 1
5.737
0.428
0.428
15.988
0
0
0
Case 1
7.856
6.070
0.300
0.300
7.892
4.063
11.955
0
0
0

25%
Case 1
5.778
0.393
0.393
15.831
0
0
0
Case 1
7.868
6.079
0.285
0.285
7.835
4.020
11.855
0
0
0

37.5%
Case 1
5.819
0.359
0.359
15.678
0
0
0
Case 1
7.883
6.088
0.269
0.269
7.775
3.976
11.751
0
0
0

50%
Case 1
5.859
0.326
0.326
15.527
0
0
0
Case 1
7.898
6.099
0.252
0.252
7.715
3.933
11.648
0
0
0

than those in the decentralized scenario. From the retailer’s
and manufacturer’s proﬁt function, the retailer beneﬁts from
the manufacturer’s payment and the manufacturer covers the
input in saving the production cost. Further, the lower the
selling price is, the more consumers purchase the more products. In addition, it implies the two-part tariﬀ contract through
bargaining is beneﬁcial for economic development and environmental protection in the sustainable operation of a closedloop supply chain.

(4)

5. Numerical Analysis
(5)

Proposition 4. In this coordinated contract, the ﬁxed fee should
be satisﬁed as 퐹 = 휃푚 [휋푟퐷 + 퐶(휏푟∗ )] + 휃푟 (휋sc퐶 − 휋푚퐷 ).
Proof of Proposition 4 is in supplementary materials (available here) discusses the two-part tariﬀ contract coordinates eﬀectively the performances in the decentralized scenario to achieve
the best in the centralized scenario. Meanwhile, it also obtains a
Pareto improvement, which indicates that the individual members’
proﬁts with the improved two-part tariﬀ contract will be improved.
Proposition 5. The two-part tariﬀ contract through
bargaining can eﬀectively coordinate the decentralized closedloop supply chain and achieves the performances similar
to that in the centralized supply chain as follows w 𝑇 = 푝𝐶,
휏𝑚𝑇 = 휏𝑚𝐶, 휏𝑟𝑇 = 휏𝑟𝐶 and 휋sc𝑇 = 휋sc𝐶 .
Proposition 5 indicates that the two-part tariﬀ can improve
the performances of a closed-loop to that of a centralized scenario. The manufacturer and the retailer negotiate the ﬁxed
fee 𝐹 which should ensure the members’ proﬁts are not lower

In this section, we provide a numerical example to discuss
theoretical results in managerial insights and analyze the
inﬂuence of relevant parameters on optimal performance.
Considering the values of coeﬃcients used in the existing
literature [13, 18, 58–60], we suppose that: 푎 = 10, 훾 = 0.35,
푐 = 2.5, 푠 = 1.2, 푘 = 7.25, 푧𝑚 = 0.6, and 푧𝑟 = 0.45.
5.1. Case Analysis. According to the above analysis, the
optimal decisions and proﬁts for each eﬀective case in the
centralized and decentralized scenarios are shown in Table 4.
From Table 4, we can obtain that:
(1) In the centralized supply chain, the optimal proﬁt is
obtained when 휆 1 > 0, 휆 2 = 0, and 휆 3 = 0 since the
KKT conditions should be satisﬁed. The supply chain
can achieve maximal proﬁt when the manufacturer’s
collection rate does not exceed the capacity constraint
in the recycling channel and the retailer’s collection
rate exceeds the capacity constraint in the recycling
channel. The optimal collection strategy is to collect
the used product through the manufacturer since the
capacity constraint from the manufacturer is greater
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Table 6
(a) Sensitivity analysis for zm on the optimal decision and proﬁt.

Fluctuation of 𝑧𝑚

Centralized scenario
𝑝
𝜏𝑚
𝜏𝑟
𝜋sc
𝜆1
𝜆2
𝜆3
Decentralized scenario
𝑝
w
𝜏𝑚
𝜏𝑟
𝜋𝑚
𝜋𝑟
𝜋sc
𝜆1
𝜆2
𝜆3

−60%
Case 3
5.837
0.24
0.448
15.888
0
+
0
Case 3
7.867
6.106
0.24
0.310
7.929
4.069
12.098
0
+
0

−45%
Case 7
5.782
0.33
0.45
16.055
+
+
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

−30%
Case 7
5.728
0.42
0.45
16.137
+
+
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

−15%
Case 5
5.703
0.462
0.45
16.146
+
0
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

0%
Case 5
5.703
0.462
0.45
16.146
+
0
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

15%
Case 5
5.703
0.462
0.45
16.146
+
0
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

30%
Case 5
5.703
0.462
0.45
16.146
+
0
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

45%
Case 5
5.703
0.462
0.45
16.146
+
0
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

60%
Case 5
5.703
0.462
0.45
16.146
+
0
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

30%
Case 1
5.694
0.463
0.463
16.147
0
0
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

45%
Case 1
5.694
0.463
0.463
16.147
0
0
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

60%
Case 1
5.694
0.463
0.463
16.147
0
0
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

(b) Sensitivity analysis for 𝑧𝑟 on the optimal decision and proﬁt.
Fluctuation of 𝑧𝑟

Centralized scenario
𝑝
𝜏𝑚
𝜏𝑟
𝜋sc
𝜆1
𝜆2
𝜆3
Decentralized scenario
𝑝
w
𝜏𝑚
𝜏𝑟
𝜋𝑚
𝜋𝑟
𝜋sc
𝜆1
𝜆2
𝜆3

−60%
Case 5
5.876
0.444
0.18
15.731
+
0
0
Case 5
7.893
6.182
0.293
0.18
7.734
3.810
11.544
+
0
0

−45%
Case 5
5.832
0.448
0.248
15.906
+
0
0
Case 5
7.962
6.221
0.296
0.248
7.857
3.774
11.631
+
0
0

−30%
Case 5
5.789
0.453
0.315
16.033
+
0
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

than that of the retailer. However, in the decentralized
scenario, the collection rates from the manufacturer
and the retailer are equal because of the value of the
capacity constraint in the two channels.
(2) Compared with the decentralized scenario, the centralized supply chain can result in improved performances.
From this point, the selling price is lower in the centralized scenario than that in the decentralized scenario,

−15%
Case 5
5.746
0.458
0.383
16.113
+
0
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

0%
Case 5
5.703
0.462
0.45
16.146
+
0
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

15%
Case 1
5.694
0.463
0.463
16.147
0
0
0
Case 1
7.843
6.062
0.313
0.313
7.947
4.105
12.052
0
0
0

whereas the collection rates and proﬁt are higher.
Hence, this means that the centralized system can help
to enhance the overall eﬃciency of the supply chain. In
addition, the contract can coordinate the members in
the proﬁt’s distribution, which means that the proﬁts of
the manufacturer and the retailer are higher than those
of the decentralized supply chain, and the selling price
is lower and the collection rates are higher.
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(3) The two-part tariﬀ contract through bargaining has
a signiﬁcant implication for improving the economic
performance and environmental beneﬁt. Therefore,
the optimal proﬁts are improved to achieve the performance of a centralized scenario and create a win–win
situation for the manufacturer and the retailer through
the coordinated contract if the incentive compatibility constraint is guaranteed. Moreover, the proﬁt of
supply chain in the coordinated contract is constant.
When the manufacturer and the retailer integrate as
a whole system, the ﬂuctuations of bargaining powers
do not inﬂuence the total proﬁt. However, under this
coordinated contract, the manufacturer's proﬁt and
retailer’s proﬁt increase as the one’s own bargaining
power increases. Intuitively, we ﬁnd that the capacity
of recycling channel plays a critical role in the decision
and coordination from the above case analysis. From a
managerial viewpoint, we suggest that the closed-loop
supply chain can integrate the capacity constraints in
both recycling channels, to fulﬁll consumers’ demand
with a cost-eﬀective method.
5.2. Sensitivity Analysis. To illustrate the eﬀects of competitive
intensity in a recycling channel on optimal performance, we
provide the impact of competitive intensity on performance.
Therefore, we assume that the maximal ﬂuctuation of 𝛾 is ±50%
of the baseline values, the results of which are presented in
Table 5.
From Table 5, we can conclude that:
(1) In the centralized scenario, changes in the optimal
decisions and proﬁt are larger (more than 3.6% and
7.2%) when the value of 𝛾 ﬂuctuates in the range
of [−50%, 50%]. This means that the selling price
and collection rate are sensitive to the competitive
intensity in the centralized scenario. Moreover,
the selling price appears as monotonic increasing
trend and the proﬁts show a monotonic decreasing
trend with the competitive intensity in recycling
channels. However, the diﬀerence in the collection rates for members ﬁrst increases and then
decreases with competitive intensity increasing.
(2) In the decentralized scenario, the diﬀerence
between the collection rates for the manufacturer
and the retailer is more insensitive to the ﬂuctuation of 𝛾, which shows that the manufacturer and
the retailer achieve the same collection rates. This
is because, compared with the recycling channels
in a no competitive situation, the larger the competition intensity is, the more expanse in collection
has been invested in to obtain a same collection
rate. Therefore, the decreasing collection rate with
the competition intensity increasing results in a
rise in the production cost, which directly leads to
the higher wholesale price and selling price.
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Comparing the above situations, we evaluate how the
eﬀect of competitive intensity determines the operational performance of the whole supply chain system by measuring the
capacity constraint of recycling channels. Interestingly, due to
the double marginal eﬀect, the centralized supply chain is
more adaptable to the changes in capacity constraints. In other
words, centralized supply is more conducive to the improvement of performance between the manufacturer and the
retailer to achieve a higher proﬁt. Further, we demonstrate the
eﬀect of capacity constraint in recycling channel on the optimal decisions and proﬁts in closed-loop supply chain and give
a sensitivity analysis for the capacity constraint. Considering
the maximal ﬂuctuations of 𝑧𝑚 and 𝑧𝑟 are respectively ±60%
of the baseline values, the calculation results are as presented
in Table 6.
From Table 6, we can obtain that:
(1) In the centralized scenario, when 𝑧𝑚 decreases by
30%, the total proﬁt for the supply chain drops by
at most 1.6% and the selling price rises by at most
2.3%, the collection rates decrease by at most 49.1%
and 0.6% respectively. Meanwhile, the total proﬁt
for the supply chain drops by at most 2.6% and the
selling price rises by at most 3.1%, and the collection rates decreases by at most 4.3% and 61.3%
when 𝑧𝑟 decreases by 30%. Obviously, this means
that the selling price is more sensitive than the total
proﬁt for the supply chain to capacity constraint
in recycling channels. Further, the manufacturer’s
collection rate is more aﬀected and the retailer’s
collection rate is not much aﬀected by 𝑧𝑚, whereas
the situation in the change of 𝑧𝑟 demonstrates the
opposite. Additionally, the optimal decisions and
proﬁts will change if the capacity constraint in
recycling channels exceeds a certain threshold.
(2) In the decentralized scenario, when 휆 1 = 0, 휆 2 = 0,
and 휆 3 = 0, the optimal decision and proﬁt are
not aﬀected by the change of 𝑧𝑚 and 𝑧𝑟. However,
the collection rate for the manufacturer shows a
signiﬁcant declining trend and the collection rate
for the retailer is negligible with the value of 𝑧𝑚
when 휆 1 = 0, 휆 2 > 0 and 휆 3 = 0; this situation is
the contrary with the change of 𝑧𝑟 when 휆 1 = 0,
휆 2 > 0 and 휆 3 = 0. It indicates that the members
in the decentralized scenario result in a double
marginalization eﬀect, that is, the members determines a higher selling price and a lower collection
rate. Therefore, only if the capacity constraint in
recycling channels has a huge reduction can the
decision and proﬁt be eﬀected. This indicates that
the government should provide a more attention
to ensure the recycling capacity for members in
closed-loop supply chain. Speciﬁcally, the capacity constraints in recycling channels may cause
a smoothing eﬀect in the fabrication of both the
manufacturing ability and the market demand.
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6. Conclusions
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As a service-oriented business platform model, the nature of cloud manufacturing is to realise the manufacturing resources’ sharing,
which will largely benefit resources supplier, resources demander, and platform operator. However, it also faces some new problems.
One of the most critical issues is how to dynamically match resources of supply and demand to maximise profits of all parties while
considering matching costs. This paper investigates the resources’ dynamic matching in a manufacturing supply chain that operates
under a cost-sharing contract and consists of two independent and competing manufacturers and a resource-service platform. We
first use differential equation to model the evolution of resource-sharing and capture the effect of matching service efforts on market
demand. Next, we study the optimal matching strategies by a two-stage differential game based on the dynamic control approach.
Then, we design a cost-sharing contract to coordinate and improve the supply chain’s performance. Finally, a numerical example
is provided to illustrate the impact of platform transaction fees and matching costs on the feasible region of the corresponding
contract.

1. Introduction
Information technologies, such as the Internet of Things,
cloud computing, and cyber-physical systems, impact daily
life through their powerful data-processing capacities. For
example, e-commerce has become an indispensable means
of shopping over the past two decades, and a small number
of giant e-commerce companies, such as Amazon, eBay, and
Alibaba, have emerged to dominate the market. However, the
Internet also enables other types of transaction, such as sharing. Online networks facilitate the sharing of computing and
manufacturing resources in supply chain. This has resulted
in collaborative consumption and collaborative production:
peer-to-peer exchanges for obtaining, providing, or sharing
access to goods and services, facilitated by community-based
online platforms. The manufacturing industry is undergoing
a major transformation enabled by cloud computing. The
main thrust of cloud computing is to provide on-demand
computing services with high reliability, scalability, and
availability in a distributed environment. Cloud technologies
have had profound impacts on production management in
manufacturing [1]. O’Rourke [2] stated that new information

technologies have helped to drive the development of ‘lean
manufacturing’, with factories using such technologies being
better equipped to rapidly deliver the products that customers
want. As information technologies become embedded in
all aspects of production, ‘network-centric’ manufacturing
advances throughout value chains and each element becomes
‘smart’, thereby optimising efficiency throughout a product’s
life-cycle [3].
Learning from cloud computing, researchers have proposed a model of ‘cloud manufacturing’, in which uniform manufacturing resources are shared through online
networking. In this model, manufacturing capabilities and
resources are shared via a cloud platform. The status of idle
resources is updated and released in real time to facilitate
online transactions and identify the most sustainable and
robust manufacturing route possible [4]. Figure 1 presents
a simplified model of the common features of cloud manufacturing. The cloud manufacturing architecture defines
three common roles (although the exact nomenclature for
each role varies in the literature): the supplier (which offers
services or resources on the platform), the demander (which
requests services or resources through the cloud), and the
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Figure 1: Cloud manufacturing architecture, adapted from [1, 5, 9].

platform manager [5–7]. The demander utilises resources
or services for manufacturing purposes and the supplier
provides these resources or services by renting, leasing or
lending equipment or other resources for short-term periods.
The cloud platform manages the use, performance, and
delivery of services and negotiates the relationship between
supply and demand; it acts as an intermediary, providing
connectivity and transport to enable the exchange of services
between consumers and providers [8]. In this regard, cloud
manufacturing and e-commerce share some similarities, the
main difference being that commodities are traded on an
e-commerce platform whereas manufacturing services are
exchanged on a manufacturing platform. In the reallocation
process, idle manufacturing resources and capabilities are
connected through cloud computing and other information
technologies, eventually forming a supply chain for manufacturing resource sharing.
In China, Shandong province has built an ‘industrial
cloud platform’ that incorporates regional factories and technological resources. Factories and individuals can request
various services and resources through the platform at low
rental costs. The platform has already had economic and environmental benefits [4]. The transition from traditional manufacturing to a service-oriented model occurred gradually, as
lessons from the ‘sharing economy’ were adapted to the manufacturing sector. Unlike in the sharing economy, in which
users share consumer products, the platform facilitates the
sharing of idle manufacturing resources. A number of platforms have already implemented business models that closely
resemble cloud manufacturing. For example, MFG.com, the
world’s largest contract manufacturing marketplace, provides
a fast and efficient platform for exchanging manufacturing
resources. Similarly, 1688.com, China’s leading e-commerce
platform for domestic small enterprise trading, adopted
similar strategies for sharing manufacturing resources. As
of 2018, 1688.com’s business model covered 16 industries
and a wide range of supply services, from raw materials to
industrial products, clothing, apparel, and household items.
Manufacturing resource sharing has obvious benefits for
resources supplier, resources demander and platform operator. However, it also introduces new management challenges.

One of the most critical issues is optimising the dynamic
matching of supply and demand to maximise cooperation
between the various parties while considering matching
costs.
The goal of matching is to connect consumer demand
to the right products or services. To improve matching, all
parties in the supply chain (supplier, demander, and platform
manager) must invest in the matching effort. As Figure 1
shows, each party in the cloud manufacturing system incurs
a distinct set of matching costs [9, 10]: (i) the supplier (the
resource or service provider) incurs service-realisation costs,
i.e., the cost of updating the platform to reflect the current
status (availability and quality) of the resources, services, and
capabilities; (ii) the platform manager incurs aggregation and
generation costs, i.e., the costs of computing, storage, and
scheduling; and (iii) the platform demander incurs invocation costs related to business operations, i.e., consultation,
market analysis and investigation, purchase, insurance, etc.
Optimising the allocation of resources and services for the
supply chain is complex because it requires ensuring that the
supplier, demander, and platform manager each benefit. In
the process of reallocating supply chain resources, how to
integrate, share, and optimise the allocation of supply chain
resources so that the resources provider, cloud platform,
and resources consumers can get the greatest benefits is an
important issue faced by supply chain enterprises. The aim of
this paper is therefore to identify matching strategies that can
achieve this optimal solution.
There has been extensive research on performance
analysis and supply-demand matching for manufacturing
resources and services. In cloud manufacturing, operators
use searching and matching algorithms to find suitable
services to satisfy users’ requests. Several resource-service
discovery frameworks are described in the literature. Tao et
al. [11] proposed a four-phase method for resource-service
matching and searching on service-oriented manufacturing
system platforms. A genetic algorithm based model to search
for the result that best matches a customer’s request is
proposed in Zhang et al. [12]. Based on grey correlation
theory, a machine tool supply-demand matching method
is proposed in Xiao et al. [13]. Wang [14] investigated the
cloud manufacturing resource discovery mechanism and
proposed a manufacturing resource discovery framework
based on the Semantic Web. Capturing user requirements
and cloud services matching are important steps for realising on-demand resource-service provision that require the
semantic description of manufacturing tasks. Wang et al.
[15] investigated the semantic modelling and description
of manufacturing tasks in cloud manufacturing system for
manufacturing task to be better to match with manufacturing
services. Li et al. [16] proposed a multilevel intelligent matching method to realise rapid, efficient and accurate matching.
Yin et al. [17] proposed an input, output, precondition, effect
matching model based on Web Ontology Language for cloud
manufacturing. The model’s matching process is divided into
three phases: parameter matching, attribute matching, and
comprehensive matching. Li et al. [18] proposed an intelligent
service searching and matching method of cloud manufacturing according to service type and state information.

Complexity
The abovementioned studies have mainly examined
issues of matching and scheduling with static manufacturing
tasks and static candidate resource services in a given period.
The dynamic changes typical of the practical process of
supply-demand matching and scheduling have not been
considered. Cheng et al. [19] proposed a supply-demand
matching hypernetwork of manufacturing services, comprising a manufacturing service network, a manufacturing
task network, and hyperedges between those two networks.
Subsequently, based on the results in [19], Cheng et al. [20]
formulated a model for revealing the matchable correlations
between each service (supply) and each task (demand),
subject to dynamic demand. Cloud manufacturing systems
contain many dynamic elements. The number of users and
the number of manufacturing tasks change dynamically.
Additionally, in an environment of distributed resources, the
relative independence of various economic entities also leads
to dynamic changes in the sharing relationship. Cheng at
al [19, 20] only consider the dynamic complexity caused by
changes in the numbers of users and manufacturing tasks.
They analysed supply-demand matching in cloud manufacturing from a technical perspective but neglected operations
management concerns. From the latter perspective, the goal
of matching is to connect consumer demand to the right
products or services. This generally involves facilitating
information exchange between a supplier and a demander.
As matching becomes more successful, sharing increases. To
improve matching, all parties in the supply chain (supplier,
demander, and platform manager) must invest in the matching effort. However, this investment becomes an issue as the
platform’s matching abilities improve. Crucially, when the
number of sharing transactions on the platform increases,
the matching costs also increase. Matching costs have not
been considered in previous studies. Thus, our study has
an important difference from the abovementioned studies,
which is that we investigate the complex relations and conflicts of interest arising from the sharing of resources through
cloud manufacturing from the perspective of operations
management.
Game theory is a powerful theoretical tool for analysing
conflict and cooperation behaviour among rational individuals and, as such, can be useful for optimising manufacturing
resource sharing and management, from locating services
and supply-demand matching to transactions [21]. Games
can be either cooperative or noncooperative depending
on whether parties share a formal agreement. Enterprises
have variously competitive and cooperative relationships,
depending on the functional dependency of their services or
products. The service composition in cloud manufacturing
should therefore ensure the functional realisation of composite services while guaranteeing that each enterprise profits.
Game theory is uniquely suited to this type of problem.
The key to apply game theory in service composition in
cloud manufacturing is to design proper utility functions
for each enterprise by comprehensively considering their
service attributes (including economic attributes) and constructing gaming models or mechanisms for the appropriate
service interactions [22]. Differential games offer a promising
approach. For example, De Giovanni [23] and Amrouche et
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al. [24] developed differential game models to incorporate
channel dynamics. Here, we use differential equations to
model the dynamic evolution of manufacturing resource
sharing and capture the effect of matching efforts on market
demand. By applying optimal control theory, we derive
matching strategies for both centralised and decentralised
systems. We also design a cost-sharing contract to improve
the performance of the decentralised supply chain. Finally,
we use a numerical example to examine the feasibility and
efficacy of platform transaction fees and other parameters
as strategies for optimising the coordination contract. The
paper makes three primary contributions, which can be summarised as follows. First, we investigate operational problems
for a sharing supply chain from a dynamic matching perspective. Second, we design a coordination contract for the supply
chain by accounting for the impact of resource-sharing levels,
which can be used to coordinate the decentralised system in
dynamic environments. Finally, to the best of our knowledge,
our study is the first to explore supply-demand matching
issues by applying optimal control theory and game theory
to derive optimal solutions.
The study proceeds in six sections. In Section 2, we
give descriptions of the notations and assumptions used
throughout the paper. Section 3 provides the theoretical
results for the optimal strategies under a decentralised decision scenario, Section 4 provides the theoretical results for
the optimal strategies under a centralised decision scenario,
and Section 5 provides the theoretical results for the optimal strategies under a coordination-contract scenario. The
numerical results and sensitivity analyses are represented in
Section 6. Finally, Section 7 concludes the study and discusses
its implications for management.

2. Problem Description and the Basic Model
2.1. Problem Formulation. We consider a supply chain
formed of two independent and competing manufacturers,
labelled 𝑑 and 𝑠, and a resource-service platform, labelled
𝑝, in which manufacturer 𝑠 (i.e., the supplier) has surplus
manufacturing resources, whereas manufacturer 𝑑 (i.e., the
demander) lacks such resources. The platform has a strong
reputation and the supplier sells its manufacturing resources
to the demander through the platform. Ultimately, the two
manufacturers produce homogeneous products and sell them
to consumers. Deciding the optimal efforts for matching
to enhance sharing is the primary objective of the players,
which wish to increase demand and subsequently profits
by adopting the optimal operational strategies. A simplified
channel structure of the sharing supply chain is presented in
Figure 2.
Table 1 provides the notation used throughout the study.
Supply-demand matching within the supply chain is a
complex issue. The level at which manufacturing resources
are shared within a dynamic framework can be investigated
using the following equation:
𝑅 (𝑡) = {𝛼𝐴 𝑠 (𝑡) + 𝛽𝐴 𝑝 (𝑡) + 𝛾𝐴 𝑑 (𝑡)} − 𝜑𝑅 (𝑡) ,
𝑅 (0) = 𝑅0 ≥ 0,

(1)
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Table 1: Notation and descriptions.

Variable
𝐴 𝑠 (𝑡)
𝐴 𝑑 (𝑡)
𝐴 𝑝 (𝑡)
𝑅(𝑡)
𝜀
𝑉
𝐽
Parameter
𝜋𝑠
𝜋𝑑
𝑐
𝜔
𝜌

matching effort of supplier
matching effort of demander
matching effort of platform
manufacturing resources sharing level
the platform’s support rate
the value function
profit
the margin profit of supplier
the margin profit of demander
fees from demander to platform
purchasing cost of demander
discount rate

𝐷𝑠 (𝑅 (𝑡) , 𝑡) = 𝑎 − 𝜋𝑠 + 𝜃 (𝜋𝑑 − 𝜋𝑠 ) + 𝜂𝑠 𝑅 (𝑡) ,

(3)

𝐷𝑑 (𝑅 (𝑡) , 𝑡) = 𝑎 − 𝜋𝑑 + 𝜃 (𝜋𝑠 − 𝜋𝑑 ) + 𝜂𝑑 𝑅 (𝑡) ,

(4)

where 𝑎 represents the potential market size, 𝜃 > 0
denotes cross-price sensitivity between the two manufacturers, and 𝜂 > 0 represents the effects of the sharing level on
market demand. This is similar to the demand functions used
in [24, 26–30], which depict the substitution effect between
two independent and competing manufacturers.
2.2. The Objective Function. Assuming an infinite time horizon and a positive discount rate𝜌, the objective functions are

Demander, d
d , Dd

c

The level of manufacturing resource sharing has a positive
external spill-over effect on the supply chain’s supplier and
demander. Customer demand depends on both the marginal
profit and the level at which manufacturing resources are
being shared (i.e., the sharing level). The demand functions
can be expressed as follows:

∞

𝐽𝑠 = max ∫ 𝑒−𝜌𝑡 {𝜋𝑠 𝐷𝑠 (𝑡) − 𝐶 (𝐴 𝑠 (𝑡)) + 𝜔𝑅 (𝑡)} 𝑑𝑡,
𝐴𝑠

Platform, p

Consumer

s , Ds
Supplier, s

(5)

∞

𝐽𝑝 = max ∫ 𝑒−𝜌𝑡 {𝑐𝑅 (𝑡) − 𝐶 (𝐴 𝑝 (𝑡))} 𝑑𝑡,
𝐴𝑝



0

0

(6)

∞

𝐽𝑑 = max ∫ 𝑒−𝜌𝑡 {𝜋𝑑 𝐷𝑑 (𝑡) − 𝐶 (𝐴 𝑑 (𝑡))
𝐴𝑑

0

(7)

− (𝜔 + 𝑐) 𝑅 (𝑡)} 𝑑𝑡.
Manufacturing Resources Flow
Product Flow
Capital Flow

Figure 2: Channel structure of the sharing supply chain.

where 𝛼, 𝛽, and 𝛾 represent the marginal contribution of
matching efforts to the sharing level, which we call matching
effectiveness, and 𝜑 is the sharing level’s decay rate. Matching
effectiveness captures the relationship between each supply
chain member’s investment in matching and the sharing level.
The sharing level’s decay rate might reflect several scenarios;
for instance, it could suggest that a manufacturing resource
needs to be improved due to an increase in the number of
product categories or attributes, which in turn can result in a
decrease in the sharing level over time.
Each supply chain member’s matching costs are convex
and increasing, indicating that the matching efforts’ marginal
costs increase and are assumed to be quadratic:
𝜇
𝐶 (𝐴 𝑠 (𝑡)) = 𝑠 𝐴 𝑠 2 (𝑡) ,
2
𝜇𝑝 2
(2)
𝐶 (𝐴 𝑝 (𝑡)) =
𝐴 (𝑡) ,
2 𝑝
𝜇
𝐶 (𝐴 𝑑 (𝑡)) = 𝑑 𝐴 𝑑 2 (𝑡) ,
2
where 𝜇𝑠 , 𝜇𝑑 , and 𝜇𝑝 are the positive cost parameters. This
cost function is commonly applied in the literature [23–25].

To recapitulate, (1), (5), (6), and (7) define a differential
game with three players, three control variables 𝐴 𝑠 (𝑡), 𝐴 𝑑 (𝑡),
and 𝐴 𝑝 (𝑡), and one state variable 𝑅(𝑡). The controls are
constrained by 𝐴 𝑠 (𝑡) ≥ 0, 𝐴 𝑑 (𝑡) ≥ 0, and 𝐴 𝑝 (𝑡) ≥ 0. The state
constraint 𝑅(𝑡) ≥ 0 is automatically satisfied. We assume that
the game is played à la Stackelberg, with the platform acting
as the leader and the two manufacturers as followers (see
[24, 25] for examples of the Stackelberg differential game).

3. The Optimal Strategies in
the Decentralised System
We start by analysing the first scenario, in which the players
implement a noncooperative program. Under decentralised
decision-making, the supplier, platform, and demander maximise their own profits, respectively. The platform is the
channel leader and does not offer subsidies to the demander.
We use the superscript ‘𝑁’ to signify the decentralised system
scenario.
The supply chain game can be conceptualised in two
stages. In the first stage, the platform decides the matching
efforts 𝐴 𝑝 (𝑡). In the second, both the supplier and demander
make their decisions, respectively. In particular, the supplier
determines the matching efforts 𝐴 𝑠 (𝑡) and the demander
determines the matching efforts 𝐴 𝑑 (𝑡). The sequence of the
events is shown in Figure 3.
From this point forward, the time argument is omitted. Let 𝑉𝑠 𝑁, 𝑉𝑝 𝑁, and 𝑉𝑑 𝑁 denote the players’ value
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(ii) The manufacturing resource-sharing level in the supply
chain is given by

The demander determines the
matching efforts A d (t)
time

The platform offers contract
with parameter A p (t)

The supplier determines the
matching efforts A s (t)

Figure 3: Sequence of events under the decentralised scenario.

𝜑𝑡

𝑅𝑁∗ = 𝐾𝑁 + (𝑅0 − 𝐾𝑁) 𝑒− ,

where the parameter 𝐾𝑁 = {𝛼2 𝜇𝑝 𝜇𝑑 (𝜋𝑠 𝜂𝑠 + 𝜔) + 𝛽2 𝜇𝑠 𝜇𝑑 𝑐 +
𝛾2 𝜇𝑠 𝜇𝑝 (𝜋𝑑 𝜂𝑑 − 𝜔 − 𝑐)}/(𝜇𝑠 𝜇𝑝 𝜇𝑑 𝜑(𝜑 + 𝜌)).
(iii) The optimal profit functions for the supplier, platform,
and demander are given by

functions. To obtain the optimal dynamic matching policy, we follow the literature [24, 25, 31] and use the
Hamiltonian–Jacobi–Bellman (HJB) equations:
𝜌𝑉𝑠 𝑁 (𝑅) = max {𝜋𝑠 𝐷𝑠 − 𝐶 (𝐴 𝑠 ) + 𝜔𝑅
𝐴 𝑠 ≥0

+ 𝑉𝑠

𝑁

(8)

+ 𝑉𝑝 𝑁 (𝛼𝐴 𝑠 + 𝛽𝐴 𝑝 + 𝛾𝐴 𝑑 − 𝜑𝑅)} ,

(10)

+ 𝑉𝑑 𝑁 (𝛼𝐴 𝑠 + 𝛽𝐴 𝑝 + 𝛾𝐴 𝑑 − 𝜑𝑅)} .
This puts us in a position to propose optimal strategies
for the supply chain with decentralised decision-making.
Proposition 1 characterises the equilibrium strategies.
Proposition 1. In the decentralised system, the equilibrium
results of the differential game between the supplier, platform,
and demander are as follows.
(i) The equilibrium matching efforts are given by

𝐴 𝑠 𝑁∗ =

𝛼 (𝜋𝑠 𝜂𝑠 + 𝜔)
,
𝜇𝑠 (𝜌 + 𝜑)

(11)

𝐴 𝑑 𝑁∗ =

𝛾 (𝜋𝑑 𝜂𝑑 − 𝜔 − 𝑐)
,
𝜇𝑑 (𝜌 + 𝜑)

(12)

𝐴 𝑝 𝑁∗ =

𝛽𝑐
.
𝜇𝑝 (𝜌 + 𝜑)

(13)

𝐽𝑠𝑐 = max
𝑠.𝑡.

(16)

𝐽𝑑 𝑁∗ = 𝑒−𝜌𝑡 𝑉𝑑 𝑁 (𝑅𝑁∗ ) ,

(17)

(18)

𝑉𝑑 𝑁 (𝑅𝑁∗ ) = 𝑎3 𝑌 𝑅𝑁∗ + 𝑏3 𝑁,

𝜌𝑉𝑑 𝑁 (𝑅) = max {𝜋𝑑 𝐷𝑑 − 𝐶 (𝐴 𝑑 ) − (𝜔 + 𝑐) 𝑅


𝐽𝑝 𝑁∗ = 𝑒−𝜌𝑡 𝑉𝑝 𝑁 (𝑅𝑁∗ ) ,

𝑉𝑝 𝑁 (𝑅𝑌∗ ) = 𝑎2 𝑌 𝑅𝑁∗ + 𝑏2 𝑁

(9)

𝐴 𝑑 ≥0

(15)

𝑉𝑠 𝑁 (𝑅𝑁∗ ) = 𝑎1 𝑌 𝑅𝑁∗ + 𝑏1 𝑁

𝜌𝑉𝑝 𝑁 (𝑅) = max {𝑐𝑅 − 𝐶 (𝐴 𝑝 )


𝐽𝑠 𝑁∗ = 𝑒−𝜌𝑡 𝑉𝑠 𝑁 (𝑅𝑁∗ ) ,

where the parameters 𝑎1 𝑁, 𝑎2 𝑁, 𝑎3 𝑁 and 𝑏1 𝑁, 𝑏2 𝑁, 𝑏3 𝑁 are the
coefficients of the linear value functions

(𝛼𝐴 𝑠 + 𝛽𝐴 𝑝 + 𝛾𝐴 𝑑 − 𝜑𝑅)} ,
𝐴 𝑝 ≥0,𝜀≥0

(14)

which are determined in the proof for Proposition 1 (see the
Appendix).
Proposition 1 shows that the sharing level 𝑅𝑁∗ is positive.
This means that all party members are involved in the supply
chain. The matching efforts 𝐴 𝑠 𝑁∗ , 𝐴 𝑑 𝑁∗ , and 𝐴 𝑝 𝑁∗ should
be positive and decreasing at decay rate 𝜑. In contrast, the
matching efforts 𝐴 𝑠 𝑁∗ , 𝐴 𝑑 𝑁∗ , and 𝐴 𝑝 𝑁∗ increase in terms
of effectiveness parameters 𝛼, 𝛽, and 𝛾, respectively. This
indicates that when the investment is efficient, the supplier,
platform, and demander are motivated to invest more in
supply-demand matching.

4. Optimal Strategies in the Centralised System
In this section, we examine the performance of a centralised
supply chain. Supply chain members integrate to set the
optimal matching efforts in view of maximising the total
supply chain profit. In this game, 𝐴 𝑠 (𝑡), 𝐴 𝑑 (𝑡), and 𝐴 𝑝 (𝑡) are
decision variables. We use the superscript ‘𝐼’ to signify the
centralised decision scenario.
Assuming an infinite time horizon and a positive discount
rate 𝜌, the objective function of the supply chain in the
centralised system is given as

∞

∫0 𝑒−𝜌𝑡 {𝜋𝑠 𝐷𝑠 (𝑡) + 𝜋𝑑 𝐷𝑑 (𝑡) − 𝐶 (𝐴 𝑠 (𝑡)) − 𝐶 (𝐴 𝑝 (𝑡)) − 𝐶 (𝐴 𝑑 (𝑡))} 𝑑𝑡
𝑅 (𝑡) = 𝛼𝐴 𝑠 (𝑡) + 𝛽𝐴 𝑝 (𝑡) + 𝛾𝐴 𝑑 (𝑡) − 𝜑𝑅 (𝑡) ,
𝑅 (0) = 𝑅0 .

(19)
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From this point forward, the time argument is omitted.
Let 𝑉𝑠𝑐 𝐼 denote the supply chain system’s value functions; the
HJB equation is
𝜌𝑉𝑠𝑐 𝐼 (𝑅) = max {𝜋𝑠 𝐷𝑠 + 𝜋𝑑 𝐷𝑑 − 𝐶 (𝐴 𝑠 )
(20)



+ 𝑉𝑠𝑐 𝐼 (𝛼𝐴 𝑠 + 𝛽𝐴 𝑝 + 𝛾𝐴 𝑑 − 𝜑𝑥)} .
We are now in a position to propose optimal strategies for
the supply chain with centralised decision-making. Proposition 2 characterises the equilibrium strategies.
Proposition 2. With centralised decision-making, the equilibrium results of the differential game between the supplier, the
platform, and the demander are as follows.
(i) The equilibrium matching efforts are given by
𝐴 𝑠 𝐼∗ =

𝛼 (𝜋𝑠 𝜂𝑠 + 𝜋𝑑 𝜂𝑑 )
,
𝜇𝑠 (𝜌 + 𝜑)

(21)

𝐴 𝑑 𝐼∗ =

𝛾 (𝜋𝑠 𝜂𝑠 + 𝜋𝑑 𝜂𝑑 )
,
𝜇𝑑 (𝜌 + 𝜑)

(22)

𝐴 𝑝 𝐼∗ =

𝛽 (𝜋𝑠 𝜂𝑠 + 𝜋𝑑 𝜂𝑑 )
.
𝜇𝑝 (𝜌 + 𝜑)

(23)

(ii) The sharing level of manufacturing resources in the supply
chain is given by
𝜑𝑡

𝑅𝐼∗ = 𝐾𝐼 + (𝑅0 − 𝐾𝐼 ) 𝑒− ,
𝐼

2

2

(24)
2

(25)

where the parameters 𝑎𝐼 and 𝑏𝐼 are the coefficients of the linear
function 𝑉𝑠𝑐 𝐼 (𝑅𝐼∗ ) = 𝑎𝐼 𝑅𝑁∗ + 𝑏𝐼 , which are determined in the
Proof of Proposition 2 (see the Appendix).
Proposition 3. Compared with optimal strategies and profit
functions in the decentralised and centralised systems, one has
𝐴 𝑠 𝐼∗ > 𝐴 𝑠 𝑁∗ , 𝐴 𝑑 𝐼∗ > 𝐴 𝑑 𝑁∗ , 𝐴 𝑝 𝐼∗ > 𝐴 𝑝 𝑁∗ , and 𝐽𝑠𝑐 𝐼∗ >
𝐽𝑠𝑐 𝑁∗ .
We provide the proof for Proposition 3 in the Appendix.
These relationships are derived through algebraic comparison. The matching efforts are higher in the centralised system,
which means that the total profit is lower in the decentralised
system. Hence, there is a need to design an appropriate
contract to improve system efficiency.

The supplier determines the
matching efforts A s (t)

Figure 4: Sequence of the events under the coordination-contract
scenario.

5. Optimal Strategies under
the Coordination Contract
In this scenario, the platform is the channel leader and supports the demander’s matching efforts. We use the superscript
‘𝑌’ to signify the coordination-contract scenario. 𝜀(𝑡) denotes
the platform’s support rate, which represents the amount
that the platform contributes to the demander’s matching
efforts within the interval [0, 1]. We are motivated by the
coordination method used in [23] to develop a committed
dynamic cost-sharing contract capable of coordinating the
supply chain and improving the decentralised supply chain’s
performance. The contract provisions are structured as follows. In the game’s first stage, the platform decides the matching efforts and the support rate 𝜀(𝑡). In the second stage, both
the supplier and demander make their decisions, respectively.
In particular, the supplier determines the matching efforts
𝐴 𝑠 (𝑡) and the demander determines the matching efforts
𝐴 𝑑 (𝑡). The sequence of the events is shown in Figure 4.
Assuming an infinite time horizon and a positive discount
rate 𝜌, the objective functionals of supply chain members
under the coordination-contract scenario are
∞

𝐽𝑠𝑌 = max ∫ 𝑒−𝜌𝑡 {𝜋𝑠 𝐷𝑠 (𝑡) − 𝐶 (𝐴 𝑠 (𝑡)) + 𝜔𝑅 (𝑡)} 𝑑𝑡, (26)
𝐴𝑠

where the parameter 𝐾 = (𝛼 𝜇𝑝 𝜇𝑑 + 𝛽 𝜇𝑠 𝜇𝑑 + 𝛾 𝜇𝑠 𝜇𝑝 )(𝜋𝑠 𝜂𝑠 +
𝜋𝑑 𝜂𝑑 )/(𝜇𝑠 𝜇𝑝 𝜇𝑑 𝜑(𝜑 + 𝜌)).
(iii) The optimal profit function of the supply chain system
is given by
𝐽𝑠𝑐 𝐼∗ = 𝑒−𝜌𝑡 𝑉𝑠𝑐 𝐼 (𝑅𝐼∗ ) ,

time

The platform offers contract
with parameters A p (t) , (t)

𝐴 𝑠 ,𝐴 𝑝 ,𝐴 𝑑

− 𝐶 (𝐴 𝑝 ) − 𝐶 (𝐴 𝑑 )

The demander determines the
matching efforts A d (t)

𝐽𝑝𝑌

0
∞

= max ∫ 𝑒−𝜌𝑡 {𝑐𝑅 (𝑡) − 𝐶 (𝐴 𝑝 (𝑡))
𝐴 𝑝 ,𝜀

0

(27)

− 𝜀 (𝑡) 𝐶 (𝐴 𝑑 (𝑡))} 𝑑𝑡,
∞

𝐽𝑑𝑌 = max ∫ 𝑒−𝜌𝑡 {𝜋𝑑 𝐷𝑑 (𝑡) − (𝜔 + 𝑐) 𝑅
𝐴𝑑

0

(28)

− (1 − 𝜀 (𝑡)) 𝐶 (𝐴 𝑑 )} 𝑑𝑡.

From this point forward, the time argument is omitted.
Let 𝑉𝑠 𝑌 , 𝑉𝑝 𝑌 , and 𝑉𝑑 𝑌 denote the players’ value functions; the
HJB equations are
𝜌𝑉𝑠 𝑌 (𝑅) = max {𝜋𝑠 𝐷𝑠 − 𝐶 (𝐴 𝑠 ) + 𝜔𝑅
𝐴 𝑠 ≥0

+ 𝑉𝑠

𝑌

(29)

(𝛼𝐴 𝑠 + 𝛽𝐴 𝑝 + 𝛾𝐴 𝑑 − 𝜑𝑅)} ,

𝜌𝑉𝑝 𝑌 (𝑅) = max {𝑐𝑅 − 𝐶 (𝐴 𝑝 ) − 𝜀𝐶 (𝐴 𝑑 )
𝐴 𝑝 ≥0,𝜀≥0

+ 𝑉𝑝

𝑌

(30)

(𝛼𝐴 𝑠 + 𝛽𝐴 𝑝 + 𝛾𝐴 𝑑 − 𝜑𝑅)} ,

𝜌𝑉𝑑 𝑌 (𝑅) = max {𝜋𝑑 𝐷𝑑 − (𝜔 + 𝑐) 𝑅 − (1 − 𝜀) 𝐶 (𝐴 𝑑 )
𝐴 𝑑 ≥0

+ 𝑉𝑑

𝑌

(𝛼𝐴 𝑠 + 𝛽𝐴 𝑝 + 𝛾𝐴 𝑑 − 𝜑𝑅)} .

(31)
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We are now in a position to propose optimal strategies for
the cost-sharing contract system. Proposition 4 characterises
the equilibrium strategies.
Proposition 4. Under the coordination-contract scenario, the
equilibrium results of the differential game between the supplier, the platform, and the demander are as follows.
(i) The equilibrium matching efforts and platform’s support
rate are given by

Proposition 5. The strategies and payoffs in the decentralised
scenario (𝑁), cost-sharing contract scenario (𝑌), and centralised decision scenario (𝐼) are related as follows:
(i) The supplier equilibrium matching efforts, 𝐴 𝑠 𝑁∗ =
𝑌∗
𝐴 𝑠 < 𝐴 𝑠 𝐼∗ .
(ii) The platform equilibrium matching efforts, 𝐴 𝑝 𝑁∗ =
𝑌∗
𝐴 𝑝 < 𝐴 𝑝 𝐼∗ .
(iii) The demander equilibrium matching efforts, 𝐴 𝑑 𝑁∗ <
𝐴 𝑑 < 𝐴 𝑑 𝐼∗ .
(iv) The optimal profits, 𝐽𝑠 𝑁∗ < 𝐽𝑠 𝑌∗ , 𝐽𝑝 𝑁∗ < 𝐽𝑝 𝑌∗ , 𝐽𝑑 𝑁∗ <
𝐽𝑑 𝑌∗ , and 𝐽𝑠𝑐 𝑁∗ < 𝐽𝑠𝑐 𝑌∗ for 𝐾1 < 𝑐 < 𝐾2 .
𝑌∗

𝐴 𝑠 𝑌∗ =

𝛼 (𝜋𝑠 𝜂𝑠 + 𝜔)
,
𝜇𝑠 (𝜌 + 𝜑)

(32)

𝐴 𝑑 𝑌∗ =

𝛾 (𝜋𝑑 𝜂𝑑 − 𝜔 + 𝑐)
,
2𝜇𝑑 (𝜌 + 𝜑)

(33)

𝐴 𝑝 𝑌∗ =

𝛽𝑐
,
𝜇𝑝 (𝜌 + 𝜑)

−𝜋𝑑 𝜂𝑑 + 𝜔 + 3𝑐
.
𝜀=
𝜋𝑑 𝜂𝑑 − 𝜔 + 𝑐

(34)

(ii) The sharing level of manufacturing resources in the
supply chain is given by
𝜑𝑡

𝑅𝑌∗ = 𝐾𝑌 + (𝑅0 − 𝐾𝑌 ) 𝑒− ,

(35)

where the parameter 𝐾𝑌 = (2𝛼2 𝜇𝑝 𝜇𝑑 (𝜋𝑠 𝜂𝑠 + 𝜔) +
2𝛽 𝑐𝜇𝑠 𝜇𝑑 + 𝛾2 𝜇𝑠 𝜇𝑝 (𝜋𝑑 𝜂𝑑 − 𝜔 + 𝑐))/2𝜇𝑠 𝜇𝑝 𝜇𝑑 𝜑(𝜑 + 𝜌).
(iii) The optimal profit functions of supply chain members
are given by
2

𝐽𝑠 𝑌∗ = 𝑒−𝜌𝑡 𝑉𝑠 𝑌 (𝑅𝑌∗ ) ,

(36)

𝐽𝑝 𝑌∗ = 𝑒−𝜌𝑡 𝑉𝑝 𝑌 (𝑅𝑌∗ ) ,

(37)

𝐽𝑑 𝑌∗ = 𝑒−𝜌𝑡 𝑉𝑑 𝑌 (𝑅𝑌∗ ) ,

(38)

where the parameters 𝑎1 𝑌 , 𝑎2 𝑌 , 𝑎3 𝑌 and 𝑏1 𝑌 , 𝑏2 𝑌 , 𝑏3 𝑌 are
the coefficients of the linear value functions
𝑉𝑠 𝑌 (𝑅𝑌∗ ) = 𝑎1 𝑌 𝑅𝑌∗ + 𝑏1 𝑌
𝑉𝑝 𝑌 (𝑅𝑌∗ ) = 𝑎2 𝑌 𝑅𝑌∗ + 𝑏2 𝑌

(39)

𝑉𝑑 𝑌 (𝑅𝑌∗ ) = 𝑎3 𝑌 𝑅𝑌∗ + 𝑏3 𝑌 ,
which are determined in the proof of Proposition 4 (see the
Appendix).
Next, we compare each supply chain member’s profits and
the total channel profits with the corresponding values in the
above three scenarios. Our objective is to identify the effect of
the cost-sharing contract on all channel members’ profits to
determine whether the cost-sharing contract increases profits
and thus improves coordination. For notational convenience,
let 𝐾1 = max{0, (𝜋𝑑 𝜂𝑑 − 𝜔)/3} and 𝐾2 = 𝜋𝑑 𝜂𝑑 − 𝜔; the
interval (𝐾1 , 𝐾2 ) is the coordination contract’s feasible region.
We then arrive at the following proposition.

We provide the proof for Proposition 5 in the Appendix.
These relationships are derived through algebraic comparison. Proposition 5 shows that all supply chain members
incur higher profits in the cost-sharing contract scenario
than the decentralised decision-making scenario. Clearly,
cost-sharing with the platform provides the greatest benefit
to the demander: when the platform manager covers any
share of the matching costs, it helps improve the demander’s
profitability. As the matching costs are lowered, the demander
can offer a higher level of matching effort, which subsequently
drives up market demand for the resource or service. This
increase in market demand more than compensates for the
cost shared by the platform.
This result illustrates why matching involves increased
collaboration between the demander and the platform manager through cost-sharing contracts and other mechanisms.
However, because the comparison of the supplier, platform,
demander, and supply chain profits poses some degree of
analytical complexity, we now turn to numerical computation
to verify our theoretical findings.

6. Numerical Example
In this section, we conduct numerical analyses to gain
managerial insights. Set 𝜋𝑠 = 5, 𝜋𝑑 = 5, 𝜇𝑠 = 10, 𝜇𝑝 = 15,
𝜇𝑑 = 14, 𝜂𝑠 = 0.9, 𝜂𝑑 = 1.7, 𝑥0 = 0.25, 𝛼 = 2, 𝛽 = 2, 𝛾 = 3, 𝜑 =
0.5, 𝜃 = 0.5, 𝑎 = 5, 𝑐 = 4, 𝜔 = 0.6, and 𝜌 = 0.9. In Section 6.1,
we compare the operational performance of the decentralised
(𝑁), cost-sharing contract (𝑌), and centralised decision (𝐼)
scenarios, focusing on the dynamic strategies, the sharing
level and profits. In Section 6.2, we examine the impacts of the
platform transaction fee and purchasing cost on the feasible
region of the corresponding contract and obtain some useful
insights.
Before we proceed, recall that the profit functions are
linear in the value function 𝑉 and can be written as an
exponential function multiplied by the value function, i.e.,
𝐽 = 𝑒−𝜌𝑡 𝑉, which makes it sufficient for comparison. Thus, to
compare 𝐽𝑠 ∗ , 𝐽𝑝 ∗ , 𝐽𝑑 ∗ , and 𝐽𝑠𝑐 ∗ , we compare the values of 𝑉𝑠 ∗ ,
𝑉𝑝 ∗ , 𝑉𝑑 ∗ , and 𝑉𝑠𝑐 ∗ , respectively. Define Δ𝑉𝑠 = 𝑉𝑠 𝑌∗ − 𝑉𝑠 𝑁∗ ,
Δ𝑉𝑝 = 𝑉𝑝 𝑌∗ −𝑉𝑝 𝑁∗ , Δ𝑉𝑑 = 𝑉𝑑 𝑌∗ −𝑉𝑑 𝑁∗ and Δ𝐽𝑠 = 𝐽𝑠 𝑌∗ −𝐽𝑠 𝑁∗ ,
Δ𝐽𝑝 = 𝐽𝑝 𝑌∗ −𝐽𝑝 𝑁∗ , Δ𝐽𝑑 = 𝐽𝑑 𝑌∗ −𝐽𝑑 𝑁∗ . Similarly, a comparison
between Δ𝑉𝑠 , Δ𝑉𝑝 , and Δ𝑉𝑑 is equivalent to a comparison
between the profit functions Δ𝐽𝑠 , Δ𝐽𝑝 , and Δ𝐽𝑑 , respectively.
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Figure 6: Optimal profit comparison in scenarios 𝑁, 𝑌, and 𝐼.
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Table 2: Optimal strategies in supply chain systems.
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Figure 5: Dynamic change in manufacturing resources sharing
level.
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6.1. Optimal Solutions

ΔVp = VpY∗ -- VpN∗

2

6.1.1. Comparisons of Optimal Solutions. According to Propositions 1, 2, and 4, we can obtain the optimal matching
efforts and sharing level in the decentralised, cost-sharing
contract, and centralised decision scenarios. From Table 2,
we can see that 𝐴 𝑠 𝑁∗ = 𝐴 𝑠 𝑌∗ < 𝐴 𝑠 𝐼∗ , 𝐴 𝑝 𝑁∗ = 𝐴 𝑝 𝑌∗ <
𝐴 𝑝 𝐼∗ , and 𝐴 𝑑 𝑁∗ < 𝐴 𝑑 𝑌∗ < 𝐴 𝑑 𝐼∗ . The matching efforts
in the centralised structure are higher than those in the
decentralised scenario, and the optimal matching efforts in
the decentralised scenario are equal to or less than those
in the cost-sharing contract scenario. This is consistent with
the conclusions in Proposition 5. Figure 5 shows changes to
the sharing level over time. Here, the corresponding optimal
resources sharing level are given as follows:
0.5𝑡

8.02 − 5.52𝑒− ,
{
{
{
{
0.5𝑡
𝑅 (𝑡)∗ = {9.9 − 7.4𝑒− ,
{
{
{
− 0.5𝑡
,
{24.32 − 21.82𝑒

Decentralized (𝑁)
Cost sharing (𝑌)

(40)

Centralized (𝐼) .

Figure 5 shows that the optimal resource-sharing levels
in the centralised decision-making system are higher than
those in the decentralised and cost-sharing scenarios, as the
matching efforts are higher in the centralised decision system.
6.1.2. Comparison of Profits. In this subsection, we compare
the profits across the three models; we provide the results in
Figure 6. The profit in the centralised decision scenario is the
highest, followed by the cost-sharing contract and the decentralised scenario, respectively, which verifies Proposition 5.
Figure 7 presents a comparison between each supply
chain member’s profits before and after cost-sharing. The
equilibrium values in the cost-sharing contract are in the

0

0

2
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6

8

10

t

Figure 7: Profit comparison for supply chain parties before and after
cost-sharing.

following order in comparison with the decentralised supply
chain values: 𝑉𝑠 𝑌∗ > 𝑉𝑠 𝑁∗ , 𝑉𝑝 𝑌∗ > 𝑉𝑝 𝑁∗ , 𝑉𝑑 𝑌∗ >
𝑉𝑑 𝑁∗ for 𝐾1 < 𝑐 < 𝐾2 . This indicates that the supplier,
platform manager, and demander all enjoy higher profits in
the cost-sharing contract than in the decentralised supply
chain case. The cost-sharing contract effectively improves
the performance of the decentralised supply chain. The costsharing contract achieves Pareto improvement for the supplier, the platform manager, and the demander under certain
conditions. Any share of matching costs helps improve the
demander’s profitability. As such, the demander can provide a
higher matching effort; this increases market demand, which
more than compensates for the cost shared by the platform.
Moreover, the supplier’s profit increases are the highest,
followed by the demander and the platform manager, respectively. In the cost-sharing contract scenario, the platform
supports the demander’s matching efforts and the supplier
does not incur any additional matching costs. Cost-sharing
lowers the demander’s burden in the supply chain structure;
the demander thus enjoys greater benefit from the matching
decision (see Columns 1 and 2 in Table 2). A comparison
of the platform’s profit shows that the platform manager
incurs higher profits in the cost-sharing contract than the
decentralised scenario. The contract thus also benefits the
platform. These results illustrate why matching involves
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Figure 8: Impact of the transaction fee on the level of manufacturing
resource sharing.

7. Conclusions
In this paper, we discussed the challenges of supply-demand
matching for manufacturing resource- and service-sharing by
considering the sharing level in a complex and dynamic environment. Applying optimal control theory, we identified the
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Figure 9: Impact of the transaction fee on optimal profit.
20

increased collaboration between the demander and the platform through cost-sharing and other mechanisms.

ΔVs = Vs Y∗ -- Vs N∗

15
10
ΔV

6.2. Sensitivity Analysis of the Platform Transaction Fee (𝑐).
We first investigate the effects of platform transaction fees
on the sharing level. In Figure 8, the sharing level 𝑅(𝑡)∗ is
plotted as a function of the platform transaction fee 𝑐. The
sharing level decreases as the transaction fee increases in
the decentralised decision system due to the fact that the
demander’s marginal profit decreases with the increase of
the transaction fee. As in Section 2.1, the demand function
depends on the marginal profit and the sharing level. Thus,
the larger the transaction fee, the smaller the market demand.
Accordingly, in Figure 9, we see that the profit in the
decentralised decision system decreases when the transaction
fee 𝑐 is raised. In contrast, the sharing level increases in
tandem with the platform transaction fee in the cost-sharing
contract scenario because the platform’s support rate 𝜀∗ (𝑡)
increases with the transaction fee 𝑐 (see Proposition 4). The
larger the transaction fee, the larger the support rate. As such,
the demander has a greater incentive to increase its matching
efforts; this drives up the market demand, which more than
compensates for the cost shared by the platform. Accordingly,
Figure 9 shows that in the cost-sharing contract scenario,
profit increases with 𝑐.
However, we also find that the cost-sharing contract does
not always achieve Pareto improvement for all parties (i.e., the
value can fall outside the feasible region). Figure 10 shows that
only when the value of 𝑐 is between 𝐾1 and 𝐾2 can the costsharing contract adequately coordinate the supply chain such
that all parties benefit. Specifically, when the purchasing cost
𝜔 increases, the win-win region becomes smaller in Figure 11.
This implies that, as the value of 𝜔 increases, the degree of
flexibility in coordinating the supply chain decreases.
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Figure 10: Pareto improvement effect of the transaction fee for the
cost-sharing contract.

optimal matching strategies for decentralised, centralised and
cost-sharing contract systems. Our main contribution lies in
the following. First, we considered the dynamic evolution
feature of the sharing level, which we set as a state variable.
Second, we optimised matching-effort strategies through
differential game models to coordinate the decentralised
supply chain. Finally, we conducted a numerical analysis
to illustrate the effect of the platform transaction fee and
purchasing costs on equilibria and coordination.
In particular, we obtained the following results. (1) A
cost-sharing contract effectively improves the performance of
the decentralised supply chain. All channel members (i.e., the
manufacturing resource or service supplier, platform manager, and resource or service demander) incur higher profits
in the cost-sharing contract system than the decentralised
system. (2) The cost-sharing contract does not always achieve
Pareto improvement for all parties. (3) Numerical analysis
shows that the platform transaction fee and purchasing
costs affect the win-win region and optimal strategies. A
larger purchasing cost will limit the degree of flexibility with
which supply chain members coordinate the supply chain,
thus providing manufacturers and the service platform with
guidance to improve profitability. Our study contributes to

10

Complexity
and its maximisation provides the necessary condition for
matching efforts:

8
K2

(A.5)

Similarly, the demander’s HJB is

4

𝜌𝑉𝑑 𝑁 (𝑅)

2
K1
0



𝛼𝑉𝑠 𝑁
.
𝜇𝑠

𝐴 𝑠𝑁 =

6

2

0

4

6

𝐴 𝑑 ≥0
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Figure 11: Impact of 𝜔 on the feasible region of the cost-sharing
contract.

the burgeoning field of idle manufacturing resource sharing
within supply chains and collaboration between channel
partners.



𝛾𝑉 𝑁
= 𝑑 .
𝜇𝑑

𝐴𝑁
𝑑

Proof of Proposition 1. We need to establish the existence
of bounded and continuously differentiable value functions
𝑉𝑠 𝑁, 𝑉𝑝 𝑁, and 𝑉𝑑 𝑁 such that it is a unique solution 𝑅𝑁
to differential equation (1) and the HJB equations. We first
determine the players’ necessary conditions from the HJBs.
Because the game is played à la Stackelberg and the platform
is the leader, we first derive the decision variables for the
supplier and the demander for the second game stage. The
optimisation problem of supplier is given as

𝜇𝑝 𝐴2𝑝

𝑠.𝑡.

𝑅 (𝑡) = 𝛼𝐴 𝑠 (𝑡) + 𝛽𝐴 𝑝 (𝑡) + 𝛾𝐴 𝑑 (𝑡) − 𝜑𝑅 (𝑡) , (A.1)
𝑅 (0) = 𝑅0 .
∞
max𝐴 𝑠 ∫𝑡 𝑒−𝜌(𝜏−𝑡) {𝜋𝑠 𝐷𝑠 (𝑡)

−
Let the value functions 𝑉𝑠 =
𝐶(𝐴 𝑠 (𝑡)) + 𝜔𝑅(𝑡)}𝑑𝜏; the optimal profit function of manufacturing resources supplier then is given as

𝐴𝑁
𝑝

𝐽𝑑𝑁 = 𝑒−𝜌𝑡 𝑉𝑑 𝑁.

=

𝛽𝑉𝑝 𝑁
𝜇𝑝



.

(A.9)

By inserting (A.5), (A.7), and (A.9) inside the HJBs, we obtain
the following three algebraic equations:
𝜌𝑉𝑠 𝑁 (𝑅) = 𝜋𝑠 (𝑎 − 𝜋𝑠 + 𝜃𝜋𝑑 − 𝜃𝜋𝑠 + 𝜂𝑠 𝑅)
+

(𝛼𝑉𝑠 𝑁 )

+ 𝜔𝑅

(2𝜇𝑠 )

+ 𝑉𝑠

𝑁

(

𝛽2 𝑉𝑝 𝑁



𝜇𝑝

(A.10)


𝛾2 𝑉𝑑 𝑁
+
− 𝜑𝑅) ,
𝜇𝑑

 2

𝜌𝑉𝑝 𝑁 (𝑅) = 𝑐𝑅 +

(𝛽𝑉𝑝 𝑁 )
2𝜇𝑝

(A.2)

Similarly, the optimal profit function of the platform and
demander are given by
𝐽𝑝𝑁 = 𝑒−𝜌𝑡 𝑉𝑝 𝑁,

(A.8)

 2

𝐴𝑠

𝐽𝑠𝑁 = 𝑒−𝜌𝑡 𝑉𝑠 𝑁.



+ 𝑉𝑝 𝑁 𝑅 } ,

2

and by performing the maximisation of the right-hand side
we obtain

∞

∫0 𝑒−𝜌𝑡 {𝜋𝑠 𝐷𝑠 (𝑡) − 𝐶 (𝐴 𝑠 (𝑡)) + 𝜔𝑅 (𝑡)} 𝑑𝑡

𝑁

(A.7)

Substituting (A.5) and (A.7) into the platform’s HJB gives

𝐹≥0

A.



+ 𝑉𝑃 𝑁 (

2

𝛼 𝑉𝑠
𝜇𝑠

𝑁

+

2

𝛾 𝑉𝑑
𝜇𝑑

𝑁

(A.11)
− 𝜑𝑅) ,

𝜌𝑉𝑑 𝑁 (𝑅) = 𝜋𝑑 (𝑎 − 𝜋𝑑 + 𝜃𝜋𝑠 − 𝜃𝜋𝑑 + 𝜋𝑑 𝑅)
(A.3)

The supplier’s HJB is

𝜇𝐴 2
𝜌𝑉𝑠 (𝑅) = max {𝜋𝑠 𝐷𝑠 − 𝑠 𝑠 + 𝜔𝑅 + 𝑉𝑠 𝑁 𝑅 } , (A.4)
𝐴 𝑠 ≥0
2
𝑁

and its maximisation provides the necessary condition for
matching efforts:

𝜌𝑉𝑝 𝑁 (𝑅) = max {𝑐𝑅 −

Appendix

𝐽𝑠𝑁 = max

(A.6)

𝜇𝑑 𝐴 𝑑 2
− (𝜔 + 𝑐) 𝑅 + 𝑉𝑑 𝑁 𝑅 } ,
2

= max {𝜋𝑑 𝐷𝑑 −

 2

+

(𝛾𝑉𝑑 𝑁 )
(2𝜇𝑑 )


+ 𝑉𝑑 𝑁 (

− (𝜔 + 𝑐) 𝑅

(A.12)



𝛽2 𝑉𝑝 𝑁
𝛼2 𝑉𝑠 𝑁
+
− 𝜑𝑅) .
𝜇𝑠
𝜇𝑝

Complexity

11

Following the literature [24, 25, 31], we obtain the following
linear forms for the value functions:

𝑏3 𝑁 =

𝑉𝑠 𝑁 (𝑅) = 𝑎1 𝑁𝑅 + 𝑏1 𝑁,
𝑉𝑝 𝑁 (𝑅) = 𝑎2 𝑁𝑅 + 𝑏2 𝑁,
𝑁

𝑁

+

𝛾2
𝜋 𝜂 −𝜔−𝑐 2
( 𝑑 𝑑
)
2𝜇𝑑 𝜌
𝜌+𝜑

+

𝜋𝑑 𝜂𝑑 − 𝜔 − 𝑐 𝛼2 (𝜋𝑠 𝜂𝑠 + 𝜔) 𝛽2 𝑐
[
+
].
2
𝜇𝑠
𝜇𝑝
𝜌 (𝜌 + 𝜑)

(A.13)

𝑁

𝑉𝑑 (𝑅) = 𝑎3 𝑅 + 𝑏3 ,

𝜋𝑑 (𝑎 − 𝜋𝑑 + 𝜃𝜋𝑠 − 𝜃𝜋𝑑 )
𝜌

in which 𝑎1 𝑁, 𝑎2 𝑁, and 𝑎3 𝑁 and 𝑏1 𝑁, 𝑏2 𝑁, and 𝑏3 𝑁 are
constants. From formula (A.13), we have


𝑉𝑠 𝑁 = 𝑎1 𝑁,


𝑉𝑝 𝑁 = 𝑎2 𝑁,

(A.14)

(A.15)

Substituting (A.14) into (A.5), (A.7), and (A.9), the equilibrium matching efforts are given by



𝑉𝑑 𝑁 = 𝑎3 𝑁.
𝑁

𝑁

𝑁

We substitute 𝑉𝑠 , 𝑉𝑝 , and 𝑉𝑑 from (A.13) and their
derivatives from (A.14) into ((A.10)-(A.12)) and collect terms
corresponding to 𝑅. By solving the algebraic equations, we
have
𝑎1 𝑁 =

(𝜋𝑠 𝜂𝑠 + 𝜔)
,
(𝜌 + 𝜑)

𝑎2 𝑁 =

𝑐
,
(𝜌 + 𝜑)

𝑎3 𝑁 =

(𝜋𝑑 𝜂𝑑 − 𝜔 − 𝑐)
(𝜌 + 𝜑)

𝑏1 𝑁 =

𝜋𝑠 (𝑎 − 𝜋𝑠 + 𝜃𝜋𝑑 − 𝜃𝜋𝑠 )
𝜌

+
+

+
+

𝛼 (𝜋𝑠 𝜂𝑠 + 𝜔)
,
𝜇𝑠 (𝜌 + 𝜑)

𝐴 𝑝 𝑁∗ =

𝛽𝑐
,
𝜇𝑝 (𝜌 + 𝜑)

𝐴 𝑑 𝑁∗ =

𝛾 (𝜋𝑑 𝜂𝑑 − 𝜔 − 𝑐)
.
𝜇𝑑 (𝜌 + 𝜑)

(A.16)

Next, substituting 𝐴 𝑠 𝑁∗ , 𝐴 𝑝 𝑁∗ , and 𝐴 𝑑 𝑁∗ into differential
equation (1) and using the initial conditions of (1), the general
solution of the differential equation for the sharing level 𝑅 is
𝜑𝑡

𝑅𝑁∗ = 𝐾𝑁 + (𝑅0 − 𝐾𝑁) 𝑒− ,

𝜋 𝜂 + 𝜔 𝛽2 𝑐
𝜋 𝜂 +𝜔 2
𝛼2
[
( 𝑠 𝑠
) + 𝑠 𝑠
2
2𝜇𝑠 𝜌
𝜌+𝜑
𝜇𝑝
𝜌 (𝜌 + 𝜑)

(A.17)

2

where 𝐾𝑁 = {𝛼2 𝜇𝑝 𝜇𝑑 (𝜋𝑠 𝜂𝑠 + 𝜔) + 𝛽2 𝜇𝑠 𝜇𝑑 𝑐 + 𝛾2 𝜇𝑠 𝜇𝑝 (𝜋𝑑 𝜂𝑑 −
𝜔 − 𝑐)}/(𝜇𝑠 𝜇𝑝 𝜇𝑑 𝜑(𝜑 + 𝜌)).
This completes the proof.

2
𝛽2
𝑐
(
)
2𝜇𝑝 𝜌 𝜌 + 𝜑

B.

𝛾 (𝜋𝑑 𝜂𝑑 − 𝜔 − 𝑐)
]
𝜇𝑑

𝑏2 𝑁 =

𝐴 𝑠 𝑁∗ =

𝑐
2

𝜌 (𝜌 + 𝜑)

[

Proof of Proposition 2. We need to establish the existence of
bounded and continuously differentiable value function 𝑉𝑠𝑐 𝐼
such that there exists a unique solution 𝑅𝐼 to differential
equation (1) and the HJB equations. We first determine the
players’ necessary conditions from the HJBs. The optimisation problem of supplier is given as

𝛼2 (𝜋𝑠 𝜂𝑠 + 𝜔)
𝜇𝑠

𝛾2 (𝜋𝑑 𝜂𝑑 − 𝜔 − 𝑐)
]
𝜇𝑑

𝐼
𝐽𝑠𝑐
= max

𝐴 𝑠 ,𝐴 𝑝 ,𝐴 𝑑

𝑠.𝑡.

∞

∫0 𝑒−𝜌𝑡 {𝜋𝑠 𝐷𝑠 + 𝜋𝑑 𝐷𝑑 − 𝐶 (𝐴 𝑠 ) − 𝐶 (𝐴 𝑝 ) − 𝐶 (𝐴 𝑑 )} 𝑑𝑡
𝑅 (𝑡) = 𝛼𝐴 𝑠 (𝑡) + 𝛽𝐴 𝑝 (𝑡) + 𝛾𝐴 𝑑 (𝑡) − 𝜑𝑅 (𝑡) ,
𝑅 (0) = 𝑅0 .

(B.1)

12

Complexity
∞

Let the value functions 𝑉𝑠𝑐 𝐼 = max𝐴 𝑠 ,𝐴 𝑝 ,𝐴 𝑑 ∫𝑡 𝑒−𝜌(𝜏−𝑡) {𝜋𝑠 𝐷𝑠 +
𝜋𝑑 𝐷𝑑 −𝐶(𝐴 𝑠 )−𝐶(𝐴 𝑝 )−𝐶(𝐴 𝑑 )}𝑑𝜏; the optimal profit function
of supply chain then is given as
𝐼
𝐽𝑠𝑐

−𝜌𝑡

=𝑒

𝐼

𝑉𝑠𝑐 .

We substitute 𝑉𝑠𝑐 𝐼 from (B.6), as well as its derivative from
(B.7), into (B.5), and collect terms corresponding to 𝑅. By
solving the algebraic equations, we have

(B.2)

The supply chain’s HJB is

𝑎𝐼 =

(𝜋𝑠 𝜂𝑠 + 𝜋𝑑 𝜂𝑑 )
(𝜌 + 𝜑)

𝑏𝐼 =

𝜋𝑠 (𝑎 − 𝜋𝑠 + 𝜃𝜋𝑑 − 𝜃𝜋𝑠 )
𝜌

𝜌𝑉𝑠𝑐 𝐼 (𝑅) = max {𝜋𝑠 𝐷𝑠 + 𝜋𝑑 𝐷𝑑 − 𝐶 (𝐴 𝑠 )
𝐴 𝑠 ,𝐴 𝑝 ,𝐴 𝑑

(B.3)



+

− 𝐶 (𝐴 𝑝 ) − 𝐶 (𝐴 𝑑 ) + 𝑉𝑠𝑐 𝐼 𝑅 } ,
and its maximisation provides the necessary condition for
matching efforts:
𝛼𝑉𝑠𝑐 𝐼
,
𝜇𝑠

𝐴𝐼𝑝 =

𝛽𝑉𝑠𝑐 𝐼
,
𝜇𝑝

𝐴𝐼𝑑

1 𝜋𝑠 𝜂𝑠 + 𝜋𝑑 𝜂𝑑 2 𝛼2 𝛽2 𝛾2
+ )
(
) ( +
2𝜌
𝜌+𝜑
𝜇𝑠 𝜇𝑝 𝜇𝑑

Substituting ((B.7)-(B.8)) into (B.4) the equilibrium matching
efforts are given by
𝐴 𝑠 𝐼∗ =

𝛼 (𝜋𝑠 𝜂𝑠 + 𝜋𝑑 𝜂𝑑 )
,
𝜇𝑠 (𝜌 + 𝜑)

𝐴 𝑝 𝐼∗ =

𝛽 (𝜋𝑠 𝜂𝑠 + 𝜋𝑑 𝜂𝑑 )
,
𝜇𝑝 (𝜌 + 𝜑)

𝐴 𝑑 𝐼∗ =

𝛾 (𝜋𝑠 𝜂𝑠 + 𝜋𝑑 𝜂𝑑 )
.
𝜇𝑑 (𝜌 + 𝜑)



𝐴𝐼𝑠 =

(B.8)

𝜋 (𝑎 − 𝜋𝑑 + 𝜃𝜋𝑠 − 𝜃𝜋𝑑 )
+ 𝑑
𝜌



(B.4)



(B.9)

Next, substituting 𝐴 𝑠 𝐼∗ , 𝐴 𝑝 𝐼∗ , 𝐴 𝑑 𝐼∗ into differential equation
(1) and using the initial conditions of (1), the general solution
of the differential equation for the sharing level 𝑅 is

𝛾𝑉 𝐼
= 𝑠𝑐 .
𝜇𝑑

𝜑𝑡

By inserting (B.4) inside the HJB we obtain the following
algebraic equations:
{
{
𝜌𝑉𝑠𝑐 𝐼 (𝑅) = max {𝜋𝑠 (𝑎 − 𝜋𝑠 + 𝜃𝜋𝑑 − 𝜃𝜋𝑠 + 𝜂𝑠 𝑅)
𝐴 𝑠 ,𝐴 𝑝 ,𝐴 𝑑 {
{
+ 𝜋𝑑 (𝑎 − 𝜋𝑑 + 𝜃𝜋𝑠 − 𝜃𝜋𝑑 + 𝜂𝑑 𝑅) +
 2

+

(𝛽𝑉𝑠𝑐 𝐼 )
(2𝜇𝑝 )

 2

+

(𝛾𝑉𝑠𝑐 𝐼 )

+ 𝑉𝑠𝑐

(2𝜇𝑑 )

𝐼

(2𝜇𝑠 )

(B.5)

}
}
𝜑𝑅} .
}
}

where 𝐾𝐼 = (𝛼2 𝜇𝑝 𝜇𝑑 + 𝛽2 𝜇𝑠 𝜇𝑑 + 𝛾2 𝜇𝑠 𝜇𝑝 )(𝜋𝑠 𝜂𝑠 +
𝜋𝑑 𝜂𝑑 )/(𝜇𝑠 𝜇𝑝 𝜇𝑑 𝜑(𝜑 + 𝜌)). This completes the proof.

Proof of Proposition 3. To prove the first item, we need
to establish that all decision variables of Proposition 1 are
positive, i.e., 𝐴 𝑑 𝑁∗ > 0. This implies, in turn, 𝜋𝑑 𝜂𝑑 − 𝜔 − 𝑐 > 0
(from (A.16)). Straightforward comparisons, using the values
in (A.16) and (B.9), lead to the results:
𝐴 𝑠 𝐼∗ − 𝐴 𝑠 𝑁∗ =
𝐴 𝑝 𝐼∗ − 𝐴 𝑝 𝑁∗ =

Thus, we obtain the following linear forms for the value
functions:
𝑉𝑠𝑐 𝐼 (𝑅) = 𝑎𝐼 𝑅 + 𝑏𝐼 ,

(B.10)

C.

 2

(𝛼𝑉𝑠𝑐 𝐼 )

𝑅𝐼∗ = 𝐾𝐼 + (𝑅0 − 𝐾𝐼 ) 𝑒− ,

(B.6)

𝐴 𝑑 𝐼∗ − 𝐴 𝑑 𝑁∗ =

𝛼 (𝜋𝑑 𝜂𝑑 − 𝜔)
> 0,
(𝜇𝑠 (𝜌 + 𝜑))

(C.1)

𝛽 (𝜋𝑠 𝜂𝑠 + 𝜋𝑑 𝜂𝑑 − 𝑐)
(𝜇𝑝 (𝜌 + 𝜑))

> 0,

(C.2)

𝛾 (𝜋𝑠 𝜂𝑠 + 𝜔 + 𝑐)
> 0,
(𝜇𝑑 (𝜌 + 𝜑))

(C.3)

𝐽𝑠𝑐 𝐼∗ − 𝐽𝑠𝑐 𝑁∗ = 𝑒−𝜌𝑡 (𝑉𝑠𝑐 𝐼∗ − 𝑉𝑠𝑐 𝑁∗ )
2

in which 𝑎𝐼 and 𝑏𝐼 are constants. From formula (B.6), we have


𝑉𝑠𝑐 𝐼 = 𝑎𝐼 .

=

3𝛾2 (𝜋𝑠 𝜂𝑠 + 𝜋𝑑 𝜂𝑑 ) (𝜋𝑠 𝜂𝑠 + 𝜔 − 𝑐) + 𝛾2 (𝜋𝑑 𝜂𝑑 − 𝜔 + 𝑐)

> 0.

(B.7)

2

8𝜇𝑑 𝜌 (𝜌 + 𝜑)

This completes the proof.

(C.4)

Complexity

13

D.

Substituting (D.5); (D.7) into the platform’s HJB gives

Proof of Proposition 4. We need to establish the existence of
bounded and continuously differentiable value functions 𝑉𝑠 𝑌 ,
𝑉𝑝 𝑌 , and 𝑉𝑑 𝑌 such that it is a unique solution 𝑅𝑌 to differential
equation (1) and the HJB equations. We first determine the
players’ necessary conditions from the HJBs. Because the
game is played à la Stackelberg and the platform is the leader,
we first derive the decision variables for the supplier and
the demander for the second game stage. The optimisation
problem of supplier is given as
𝐽𝑠𝑌 = max

∞

𝐴𝑠

∫0 𝑒−𝜌𝑡 {𝜋𝑠 𝐷𝑠 (𝑡) − 𝐶 (𝐴 𝑠 (𝑡)) + 𝜔𝑅 (𝑡)} 𝑑𝑡

𝑠.𝑡.

𝑅 (𝑡) = 𝛼𝐴 𝑠 (𝑡) + 𝛽𝐴 𝑝 (𝑡) + 𝛾𝐴 𝑑 (𝑡) − 𝜑𝑅 (𝑡) , (D.1)

 2

𝜌𝑉𝑝

𝑌

𝑌
{
𝜇𝑝 𝐴 𝑝 2 𝜀 (𝛾𝑉𝑑 )
{
−
(𝑅) = max {𝑐𝑅 −
𝐴 𝑝 ≥0,𝜀≥0 {
2
2𝜇𝑑 (1 − 𝜀)2
{


+ 𝑉𝑝 𝑌 (

𝛼2 𝑉𝑠
𝜇𝑠

−
Let the value functions 𝑉𝑠 =
𝐶(𝐴 𝑠 (𝑡)) + 𝜔𝑅(𝑡)}𝑑𝜏; the optimal profit function of manufacturing resources supplier then is given as

𝐽𝑑 𝑌 = 𝑒−𝜌𝑡 𝑉𝑑 𝑌 .

(D.3)

𝐴 𝑠 ≥0

2


𝜇𝑠 𝐴 𝑠
+ 𝜔𝑅 + 𝑉𝑠 𝑁 𝑅 } , (D.4)
2

and its maximisation provides the necessary condition for
matching efforts:
𝐴𝑌𝑠 =

𝜀=

𝐴 𝑑 ≥0

(1 − 𝜀) 𝜇𝑑 𝐴 𝑑 2
2

(D.5)









(2𝑉𝑝 𝑌 − 𝑉𝑑 𝑌 )
(2𝑉𝑝 𝑌 + 𝑉𝑑 𝑌 )

(D.9)
.

 2

(D.6)



(𝛼𝑉𝑠 𝑌 )
(2𝜇𝑠 )

+ 𝜔𝑅
+ 𝑉𝑠

𝑌

(

𝛽2 𝑉𝑝 𝑌





+

𝜇𝑝

(D.10)



𝛾2 (2𝑉𝑝 𝑌 + 𝑉𝑑 𝑌 )
(2𝜇𝑑 )

− 𝜑𝑅) ,

𝜌𝑉𝑝 𝑌 (𝑅)
 2

= 𝑐𝑅 +

+ 𝑉𝑝

− (𝜔 + 𝑐) 𝑅 + 𝑉𝑑 𝑁 𝑅 } ,

(𝛽𝑉𝑝 𝑌 )
(2𝜇𝑝 )
𝑌



+

 2

𝛾2 (2𝑉𝑝 𝑌 + 𝑉𝑑 𝑌 )
(8𝜇𝑑 )

(D.11)



𝛼2 𝑉𝑠 𝑌
(
− 𝜑𝑅) ,
𝜇𝑠

𝜌𝑉𝑑 𝑁 (𝑅)
= 𝑝𝑑 (𝑎 − 𝑝𝑑 + 𝜃𝑝𝑠 − 𝜃𝑝𝑑 + 𝜂𝑑 𝑅)


and its maximisation provides the necessary condition for
matching efforts:
𝐴𝑌𝑑

,

𝜌𝑉𝑠 𝑌 (𝑅)

Similarly, the demander’s HJB is
𝜌𝑉𝑑 𝑌 (𝑅) = max {𝜋𝑑 𝐷𝑑 −

𝜇𝑝

By inserting (D.5), (D.7), and (D.9) inside the HJBs, we obtain
the following three algebraic equations:



𝛼𝑉𝑠 𝑌
.
𝜇𝑠



= 𝜋𝑠 (𝑎 − 𝜋𝑠 + 𝜃𝜋𝑑 − 𝜃𝜋𝑠 + 𝜂𝑠 𝑅) +

The supplier’s HJB is
𝜌𝑉𝑠 𝑌 (𝑅) = max {𝜋𝑠 𝐷𝑠 −

=

𝛽𝑉𝑝 𝑌

(D.2)

Similarly, the optimal profit function of the platform and
demander are given by
𝐽𝑝𝑌 = 𝑒−𝜌𝑡 𝑉𝑝 𝑌 ,

}
}
𝛾2 𝑉𝑑
− 𝜑𝑅)} ,
}
𝜇𝑑 (1 − 𝜀)
}

+ 𝛽𝐴 𝑝 +

𝐴𝑌𝑝

∞
max𝐴 𝑠 ∫𝑡 𝑒−𝜌(𝜏−𝑡) {𝜋𝑠 𝐷𝑠 (𝑡)

𝐽𝑠𝑌 = 𝑒−𝜌𝑡 𝑉𝑠 𝑌 .

(D.8)

𝑌

while performing the maximisation of the right-hand side we
obtain

𝑅 (0) = 𝑅0 .
𝑌

𝑌



𝛾𝑉𝑑 𝑌
.
=
(𝜇𝑑 (1 − 𝜀))

(D.7)

+





𝛾2 𝑉𝑑 𝑌 (2𝑉𝑝 𝑌 + 𝑉𝑑 𝑌 )
(4𝜇𝑑 )


+ 𝑉𝑑 𝑌 (

− (𝜔 + 𝑐) 𝑅



𝛽2 𝑉𝑝 𝑌
𝛼2 𝑉𝑠 𝑌
+
− 𝜑𝑅) ,
𝜇𝑠
𝜇𝑝

(D.12)
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Thus, we obtain the following linear forms for the value
functions:
𝑌

𝑌

Substituting (D.14) into (D.5), (D.7), and (D.9), the equilibrium matching efforts are given by

𝑌

𝑉𝑠 (𝑅) = 𝑎1 𝑅 + 𝑏1 ,
𝑉𝑝 𝑌 (𝑅) = 𝑎2 𝑌 𝑅 + 𝑏2 𝑌 ,

(D.13)

𝐴 𝑠 𝑌∗ =

𝛼 (𝜋𝑠 𝜂𝑠 + 𝜔)
,
𝜇𝑠 (𝜌 + 𝜑)

𝐴 𝑝 𝑌∗ =

𝛽𝑐
,
𝜇𝑝 (𝜌 + 𝜑)

𝑉𝑑 𝑌 (𝑅) = 𝑎3 𝑌 𝑅 + 𝑏3 𝑌 ,
in which 𝑎1 𝑌 ,𝑎2 𝑌 , and 𝑎3 𝑌 and 𝑏1 𝑌 , 𝑏2 𝑌 , and 𝑏3 𝑌 are constants.
From formula (D.13), we have


𝑉𝑠 𝑌 = 𝑎1 𝑌 ,


𝑉𝑝 𝑌 = 𝑎2 𝑌 ,

(D.14)

𝐴 𝑑 𝑌∗ =

𝜑𝑡

𝑅𝑌∗ = 𝐾𝑌 + (𝑅0 − 𝐾𝑌 ) 𝑒− ,

We substitute 𝑉𝑠 𝑌 , 𝑉𝑝 𝑌 , 𝑉𝑑 𝑌 from (D.13), as well as their
derivatives from (D.14), into ((D.10)-(D.12)), and collect
terms corresponding to 𝑅. By solving the algebraic equations,
we have
(𝜋𝑠 𝜂𝑠 + 𝜔)
,
(𝜌 + 𝜑)

𝑎2 𝑌 =

𝑐
,
(𝜌 + 𝜑)

𝑎3

𝑌

𝜋𝑠 (𝑎 − 𝜋𝑠 + 𝜃𝜋𝑑 − 𝜃𝜋𝑠 ) 𝛼 (𝜋𝑠 𝜂𝑠 + 𝜔)
+
2
𝜌
2𝜇𝑠 𝜌 (𝜌 + 𝜑)

𝛽2 𝑐 𝛾2 (𝜋𝑑 𝜂𝑑 − 𝜔 + 𝑐)
+
[
+
]
2
𝜇𝑝
2𝜇𝑑
𝜌 (𝜌 + 𝜑)

𝑏3 𝑌 =

2

2
𝛾2 (𝜋𝑑 𝜂𝑑 − 𝜔 + 𝑐)
𝛽2
𝑐
(
) +
2
2𝜇𝑝 𝜌 𝜌 + 𝜑
8𝜇𝑑 𝜌 (𝜌 + 𝜑)
2

𝑐𝛼 (𝜋𝑠 𝜂𝑠 + 𝜔)
𝜇𝑠 𝜌 (𝜌 + 𝜑)

+

(E.1)

(D.15)

(E.2)

𝐴 𝑝 𝑁∗ = 𝐴 𝑝 𝑌∗ < 𝐴 𝑝 𝐼∗ ,

(E.3)

𝐴 𝑑 𝑁∗ < 𝐴 𝑑 𝑌∗ < 𝐴 𝑑 𝐼∗ ,

(E.4)

𝐽𝑠 𝑌∗ − 𝐽𝑠 𝑁∗ = 𝑒−𝜌𝑡 (𝑉𝑠 𝑌∗ − 𝑉𝑠 𝑁∗ )

2

𝑒−𝜌𝑡 𝛾2 (𝜋𝑠 𝜂𝑠 + 𝜔) (3𝑐 − 𝜋𝑑 𝜂𝑑 + 𝜔)
2

2𝜇𝑑 𝜌 (𝜌 + 𝜑)

(E.5)

> 0,

𝐽𝑝 𝑌∗ − 𝐽𝑝 𝑁∗ = 𝑒−𝜌𝑡 (𝑉𝑝 𝑌∗ − 𝑉𝑝 𝑁∗ )
2

=

𝛾2 (𝜋𝑑 𝜂𝑑 − 𝜔 − 𝑐) (𝜋𝑑 𝜂𝑑 − 𝜔 + 𝑐)
4𝜇𝑑 𝜌 (𝜌 + 𝜑)

(𝜋𝑑 𝜂𝑑 − 𝜔)
} < 𝑐 < 𝜋𝑑 𝜂𝑑 − 𝜔.
3

𝐴 𝑠 𝑁∗ = 𝐴 𝑠 𝑌∗ < 𝐴 𝑠 𝐼∗ ,

=

𝜋𝑑 (𝑎 − 𝜋𝑑 + 𝜃𝜋𝑠 − 𝜃𝜋𝑑 )
𝜌
+

E.

Straightforward comparisons, using the values in (A.16),
(B.9), and (D.16), lead to the results:

2

2

+

where 𝐾𝑌 = {2𝛼2 𝜇𝑝 𝜇𝑑 (𝜋𝑠 𝜂𝑠 + 𝜔) + 2𝛽2 𝑐𝜇𝑠 𝜇𝑑 + 𝛾2 𝜇𝑠 𝜇𝑝 (𝜋𝑑 𝜂𝑑 −
𝜔 + 𝑐)}/(2𝜇𝑠 𝜇𝑝 𝜇𝑑 𝜑(𝜑 + 𝜌)).
This completes the proof.

max {0,

𝜋𝑠 𝜂𝑠 + 𝜔

𝑏2 𝑌 =

(D.17)

Proof of Proposition 5. To prove the first item, we need to
establish that all decision variables are positive, i.e., 𝐴 𝑑 𝑁∗ > 0,
𝜀 > 0, and 𝐴 𝑑 𝑌∗ . This implies, in turn, 𝜋𝑑 𝜂𝑑 − 𝜔 − 𝑐 > 0 (from
(A.16)), 𝜋𝑑 𝜂𝑑 − 𝜔 + 𝑐 > 0 (from (D.16)), and 3𝑐 − 𝜋𝑑 𝜂𝑑 + 𝜔 > 0
(from (D.16)). It can be easily shown that

(𝜋 𝜂 − 𝜔 − 𝑐)
= 𝑑 𝑑
+𝜑
𝜌

𝑏1 𝑌 =

𝛾 (𝜋𝑑 𝜂𝑑 − 𝜔 + 𝑐)
.
2𝜇𝑑 (𝜌 + 𝜑)

Next, substituting 𝐴 𝑠 𝑌∗ , 𝐴 𝑝 𝑌∗ , and 𝐴 𝑑 𝑌∗ into differential
equation (1) and using the initial conditions of (1), the general
solution of the differential equation for the sharing level 𝑅 is



𝑉𝑑 𝑌 = 𝑎3 𝑌 .

𝑎1 𝑌 =

(D.16)

3𝑐 − 𝜋𝑑 𝜂𝑑 + 𝜔
,
𝜀=
𝜋𝑑 𝜂𝑑 − 𝜔 + 𝑐

2

𝜋𝑑 𝜂𝑑 − 𝜔 − 𝑐 𝛼2 (𝜋𝑠 𝜂𝑠 + 𝜔) 𝛽2 𝑐
[
+
]
2
𝜇𝑠
𝜇𝑝
𝜌 (𝜌 + 𝜑)

𝑒−𝜌𝑡 𝛾2 (3𝑐 − 𝜋𝑑 𝜂𝑑 + 𝜔)
2

8𝜇𝑑 𝜌 (𝜌 + 𝜑)

(E.6)

> 0,

𝐽𝑑 𝑌∗ − 𝐽𝑑 𝑁∗ = 𝑒−𝜌𝑡 (𝑉𝑑 𝑌∗ − 𝑉𝑑 𝑁∗ )
=

𝑒−𝜌𝑡 𝛾2 (𝜋𝑑 𝜂𝑑 − 𝜔 − 𝑐) (3𝑐 − 𝜋𝑑 𝜂𝑑 + 𝜔)
2

4𝜇𝑑 𝜌 (𝜌 + 𝜑)

> 0,

(E.7)
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From the above inequalities ((E.5)-(E.7)), we get
𝐽𝑠𝑐 𝑌∗ − 𝐽𝑠𝑐 𝑁∗ = (𝐽𝑠 𝑌∗ + 𝐽𝑝 𝑌∗ + 𝐽𝑑 𝑌∗ )
− (𝐽𝑠 𝑁∗ + 𝐽𝑝 𝑁∗ + 𝐽𝑑 𝑁∗ ) > 0.

(E.8)

This proves Proposition 5 and completes the proof.
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High-speed machining is a technique that maintains a high interest in the manufacture of metal parts for the excellent results it
provides, both in surface finish and in economic benefits. In the industry, the tendency is to incorporate data management and
analysis techniques to generate information that helps improve the surface roughness results in machining. A good alternative
to improve the surface quality results in the manufacture of metal parts is using predictive models of the surface roughness. In
this document, we present work done with experimental data obtained from two high-speed machining (HSM) machines with
different types of tools and cutting conditions, conducted under an experimental design with interest in three of factors commonly
studied to generate surface roughness models: tool characteristics, cutting conditions, and characteristics of the machined material.
Steel and aluminum alloys were used in the experimentation. The results are contrasted with prior experiences that use the same
experimental design but with different soft computing techniques and they are also contrasted with the results of similar previous
works. Our results show accuracies ranging from 61.54% to 88.51% on the datasets, which are competitive results when compared
with the other approaches. We also find the axial cut-depth is the most influential feature for the slots datasets and the hardness
and diameter of the cutting tool are the most influential features for the geometries datasets.

1. Introduction
High-speed machining is a technique that maintains popularity in the manufacture of metal parts, with high levels
of usability in the metalworking industry to manufacture
metal parts with high levels of quality in surface finish
[1–3]. The surface quality achieved with material removal
techniques is very important in the manufacture of pieces
from alloys of metals and plastic and in general materials that
can be subjected to roughing [4]. The surface quality in a
machined part depends to a large extent on the combination
of factors such as the properties of the machined material,
characteristics of the machining center, and the tool used
[5, 6].
In the industrial field of mechanical cutting, the tendency
is to incorporate data managing and analysis techniques to
generate information that helps improve machining surface
quality [7, 8]. Soft computing techniques help identify factors
that affect the machining process and their most convenient

values to obtain the best surface quality [6], while minimizing
the associated costs, such as calibration costs, experimentation, and qualities measurement, among others. Surface
quality is often related to surface roughness, although it can
be calculated from several parameters. In practice, the surface
roughness can be evaluated using the parameter roughness
average (Ra) [2, 4, 9, 10]; this is the most common industrial
parameter for this task according to [11] and previous works
such as [10]. The Ra parameter can be measured relatively
simple using profilometers [4, 9]. The surface roughness has a
great influence on other factors of interest in manufacturing
such as friction, electrical and thermal resistance, and the
appearance of the machined part, among other factors that
can affect its functionality [12]. Also, surface roughness
can help to establish the relationship between the lubrication and other elements such as friction or wear between
parts [13]. Friction causes wear between parts (particularly
metal alloys), while ineffective lubrication increases friction;
both of these affect surface roughness [14]. Works such as

2
[15–17] present predictive models of surface roughness with
particular conditions of lubricant use.
Surface roughness average is the most used parameter
to estimate the surface quality according to [18]; it is also
important because it provides ideas on surface finish [19,
20] and also provides information on the behavior of a
surface in contact with other surfaces [9, 21]. In the metal
fabrication industry, there are research works that evaluate
the machinability of steel pieces according to parameters that
influence the process, such as the work described in [22].
There are also several works that present surface roughness
predictive models based on soft computing techniques, using
parameters related to the cutting process as predictors, such
as the characteristics of the machine or the characteristics
of the machined material, examples of this type of work in
[4, 6, 9, 16, 23]. A brief description of these works is given in
the following paragraph.
An extended research has been conducted into the
applicability of artificial intelligence and soft computing
techniques for surface roughness prediction in mechanical
cutting over the last years, follow previous works as [15];
the most common configuration (until 2011) was the multilayer perceptron (MLP) with a single hidden layer; though
Bayesian networks [4, 9, 21, 23], genetic algorithms [19, 24,
25], and support vector machines [10, 15, 21] have been widely
used for surface roughness prediction.
For example, in [10] the decision trees, Naive Bayes,
Nearest Neighbors Classifiers, Multilayer Perceptrons, and
Logistic Regression were used to generate methods for the
early detection of multitooth tool breakages in the milling
process. Decision trees have been used in conjunction with
sound signal analysis in [26] in order to generate a predictive
model of surface roughness. Also, fuzzy logic is used to
generate predictive models of surface roughness in [27, 28].
Another example is the work described in [16], where a
predictive model of surface roughness in deep drilling operations under high-speed conditions of steel molds was created
using Bayesian networks. Furthermore, Bayesian networks
were used in [4, 9] and a combination of Bayesian networks
and Tree-augmented Network algorithms was used in [23] to
generate a preprocessing model of surface roughness on highspeed machining (HSM) over metal probes.
The profitability of metal cutting operations depends to
a great extent on factors such as precision in mechanical
cutting, excellent surface finish, and minimum wear of the
tool [14, 29]. All the relationships between surface roughness
and factors such as lubrication, friction, and the mechanical
force applied to the cutting process are closely linked and this
is currently a point of great interest in the companies and the
profitability of mechanical cutting [30, 31].
There are multiple works on the literature that use soft
computing to estimate surface roughness or to study the factors that can affect surface roughness. However, in our review
of the literature for this work, there were few works that used
decision trees and to the best of our knowledge, no previous
works with the specific technique of Gradient Boosted Trees
to generate a predictive model of surface roughness.
This document presents a surface roughness prediction
model that considers a subset of elements involved in the
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milling process that is related to the machined piece, the
tool, and characteristics of the machine tool. To generate
the predictive model of surface roughness, metal alloy pieces
commonly used in the industry have been employed. The data
used to generate the model are the result of experiments on
two different machines and, in each one, various combinations of variables that typically influence the surface quality
results in the milling process have been used.
The rest of the document is structured as follows.
Section 2 details various concepts and related works in
the field of predicting surface quality and machining, it
also details predictive models, in particular, and it focuses
on Gradient Boosted Trees. Section 3 details the materials
and methods used in this work, presenting the experimental description, the implementation, and evaluation of the
models, as well as their parametrization. Section 4 presents
the results obtained with the implemented models alongside a comparison with other methods. Section 5 contains
a discussion of the obtained results and the comparison
with other state-of-the-art methods. Section 6 closes with
the conclusions of this paper and potential future lines of
works.

2. Concepts and Related Works
2.1. Surface Quality and Machining. The surface quality or
surface roughness is intimately connected with the appearance of the machined or manufactured surface, which is
normally expressed with a Ra value [3, 11]. In many cases,
surface quality must comply with established standard values
to be functional in certain industries (such as in the molds
used to manufacture parts with plastic injection [16]). There
are several parameters to establish the surface roughness
value. The surface roughness average is the most widely used
in the industry thanks to the ease with which it can be
assessed (generally after processing) and the closeness with
which it represents the surface texture of the mechanized part
[32, 33].
The Ra value is usually calculated by integrating the
arithmetic mean of the absolute values of ordinates f (x)
within a sampling length (L). Each partial value of surface
roughness can be measured using profilometers along the
length of sampling L. The standard 4288 (1996) is the internationally used way to measure surface roughness in machining
processes and this standard is further complemented with
the standard 1302 (1992) which establishes 12 levels of surface
roughness; these levels range from 0.006 to 50 nanometers
(nm) [34].
Although low-speed machining can provide better surface roughness, it reduces the efficiency of the industry,
implies more machining time, and consequently increases
production costs [5]. High-speed machining is one of the
processes with the greatest economic impact in the metal
fabrication industry [2], thanks to the high level of surface
finish that can be obtained with it [4], which influences the
functional behavior of the resulting piece when subjected to
friction, abrupt temperature changes, and other factors that
may affect its functioning [6].
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Currently, there is plenty of face milling research aimed at
predicting surface roughness, a parameter that will decrease
with respect to changes in other parameters like increased
tool wear or flank wear, cutting force, depth-cut, or feed per
tooth. There are several works that have been presented in the
last 5 years in the topic of predicting surface roughness based
on artificial intelligence techniques. For example, on [22],
probes of AISI 4340 steel were used and cutting speed; feed
and cut-depth were considered as the governing parameters
for surface roughness prediction, while workpiece surface
temperature, machining forces, and tool flank wear were
taken as measures to check the performance of the estimation. In [30] 100CrMoV5 steel molds were machined with
minimum quantity lubrication (MQL) and tool lifetime, flank
face, and cutting speed were used as predictive variables.
Fuzzy logic and regression analysis were used in [28] for
an empirical model for surface roughness and this model
was used to calculate the influence of surface roughness
predicted over the product profile of surface finish in a face
milling process. Random forests, regression trees, and radialbasis functions were used in [35] to estimate the adequate
thresholds values required to avoid rapid tool wear and
predict the finish quality on a flat surface using face milling.
In the same way, the relation between face milling (over
steel-45 workpieces) and parameters like tooth flank, cutting
speed, and feed was studied in [36]. Genetic algorithms and
the Grey Wolf Optimizer algorithm were used in [24] to
generate a prediction of surface roughness in ball-end milling
over X210CR12 steel. Some of the works described above use
postprocessing techniques to estimate the surface roughness
(i.e., [22, 30, 37]), while others, such as [24, 28, 35], apply the
techniques to estimate surface roughness in-process.
Furthermore, in [38] the authors present a comparative
work of milling models on aluminum alloys A7075 with a
diamond-like coating (DLC) tool and tool without DLC; the
models were made with the aim of predicting the least wear
of the tool. The results were experimentally better when using
the tool model with DLC. Also, in [37] a model is presented
that relates to the influence of factors such as tool wear and
flank wear with the surface quality.
In spite of the high number of works, such as those
described above, the in-process measurement of surface
roughness is difficult and often unfeasible. Therefore, as it has
been said in the introduction, having techniques to predict
surface quality using postprocess data is a way of working that
is gaining interest in the parts manufacturing industry. In this
sense, predictive models have much to contribute.
2.2. Predictive Models. In artificial intelligence, predictive
tasks are one of the central topics of machine learning that
involves inducing a model from training data (known as
training instances), then this model can be applied to future
instances to predict a target variable of interest [39]. There
are several prediction algorithms, such as Logistic Regression,
neural networks, decision trees, Bayesian networks, among
others. These algorithms typically induce a model to learn
to predict the best value of a target variable from training
instances of a domain, with the aim of finding an optimal

3
value of the target variable in all future instances of the said
domain [40].
Many scientific articles in the literature work with predictive algorithms and particular training instances in a domain
selected according to research interests. One advantage of
working with training instances in a domain is that the
predictive algorithm will find a more precise model that can
generate good values of the target variable in the presence of
new data.
There are several recent works in which artificial intelligence techniques are used to estimate the surface roughness
in machining. In [26] a proposal for a semisupervised
approach to the development of roughness prediction models, based on machine learning, is described; also, in [31] a
modular road roughness classification system operates with
the vehicle’s transfer functions (according to ISO 8608) is
described; for example [16] applies Bayesian networks in the
context of turn-milling using steel to generate a prediction
of surface roughness. Also, in [4] neural networks are used
for the same purpose. In [6] genetic algorithms were used
for the prediction of surface roughness in micromachining
of Copper C360. These artificial intelligence techniques have
been shown to be able to generate predictive models with
excellent accuracy even in with a lack of available data in a
domain through the identification of patterns in the data [18].
2.3. Decision Trees. Learning based on decision trees is a
type of predictive model that uses a decision tree to go from
observations of an object (represented as the branches of
a tree) to a certain conclusion about a target value of the
object (represented by the tree leaves). It is used in statistics,
data mining, and machine learning and has had several
applications, both at the academic level and in the industry
[41].
This classifier is one of the easiest modeling techniques
to interpret thanks to its graphic representation; they are
didactic and easy to understand. They base their predictions
on inductive learning; that is, they consider the values that
the different attributes or variables take, creating in this way,
a series of rules to be able to determine what value the
dependent variable will take based on certain situations. It
should be noted that the results delivered by the decision tree
depend to a large extent on the volume of data contained
in each category. The accuracy of the model with respect to
reality will be better the greater the amount of data available
of that combination of features.
Finally, in the industry of crafting pieces from machinecutting, it is highly important to also obtain information
about the factors that affect surface roughness and to also
have the ability to influence such factors. In particular,
decision trees are a useful technique to explain the aforementioned information, according to the works of [21, 42]. In this
work, we have selected a boosting model based on decision
trees, explained in the next section, to develop our models.
This approach is appropriate since we are interested in both
predicting surface roughness and explaining the relationships
and influences among the different factors affecting the
cutting process.
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Table 1: Variables used in the study including symbols, units, and values/ranges.

Variable
Axial Depth of Cut
Advance Speed-Feed Rate
Diameter of the Tool
Hardness of the Material
Rotating Speed
Radial Depth of Cut
Number of Teeth

Symbol
ap

Unit
mm

F

mm/min

diam

mm

HB
n

rpm

ae

mm

flutes

2.4. Gradient Boosted Trees. The term boosting refers to a
family of algorithms that convert weak learners into strong
learners, understanding that a weak learner is only slightly
better than a random choice, while a strong learner has
an almost perfect performance [5]. The Gradient Boosting
model is a machine learning technique that can be used in
both regression and classification problems. This approach
produces a predictive model in the form of an ensemble
from weak predictive models, which normally correspond
to decision trees as in the particular case used in this
work (Gradient Boosted Trees (GBT)). This method builds
the model in stages like other boosting methods but also
generalizes these by optimizing an arbitrary differentiable
loss function [43].
There are many works that use artificial intelligence
techniques. The Gradient Boosting model is a machine
learning technique that can be used in both regression and
classification problems. The techniques of gradient boosting
use an ensemble of weak models, in the case of this work
trees, which together allow forming a stronger model. The
ensemble is constructed in a stage-wise process by gradient
descent in function space. The final model is a function that
takes as input a vector of attributes 𝑥 ∈ 𝑅𝑛 to get a score
𝐹(𝑥) ∈ 𝑅 so that 𝐹𝑖 (𝑥) = 𝐹𝑖−1 (𝑥) + 𝛾𝑖 ℎ𝑖 (𝑥), where each ℎ𝑖
is a function that models a single tree and 𝛾𝑖 ∈ 𝑅 is the
weight associated with the 𝑖-th tree, so that these two terms
are learned during the training phase [43].
On the other hand, one of the reasons for using GBT in
contrast to other predictive models is that ensemble methods,
in general, are usually the classifiers/regressors that deliver
the best out-of-the-box results. In addition, considering that
the basic model used to study the problem has been a
classic decision tree, it has been considered natural to use its
extension by means of an ensemble method.
One of the advantages of ensemble models is that their
tuning process is reliable and easy when compared to other
approaches such as artificial neural networks [3]. On the
other side, a potential disadvantage of ensemble methods is
the lack of interpretability [42]; however, this problem is also
shared by other models such as neural networks, and in the
case of GBT this can be ameliorated because of the ability to

Values/Ranges
Exp-1 = {0.2, 0.4, 0.6, 1}
Exp-2 = {5, 10}
Exp-1 = {1500, 1875, 2250, 2625}
Exp-2 = {500, 675, 750}
Exp-1 = {6, 8, 10, 12}
Exp-2= {10, 12, 16, 20}
85-150
Exp-1 = {5000, 6250, 7500, 8750}
Exp-2 = {8000, 9600, 712000, 15000}
Exp-2 = {0.5, 1}
Exp-1 = {2, 6}
Exp-2 = {4}

easily extract the importance of each feature, as done in this
paper.

3. Materials and Methods
High-speed machining is a type of milling operation. Milling
is defined in previous works [44] as the process in which the
cutting tool rotates at a fixed speed while linearly moving in
a perpendicular direction to the axis of the tool.
On the field of machining processes, there are many
inputs and parameters that have an influence on the resulting
surface roughness; some of them can be controlled while
others cannot be directly controlled [2]. The datasets from
these processes are usually of limited size, mainly due to the
high costs of machining tests [44]. This section describes
the experimentation parameters and the sizes of the used
datasets. Thus, we now present an overview of our methodology for replicability considerations:
(1) Experiment Preparation. Two different kinds of
experiments (Exp-1 and Exp-2) were implemented.
Accordingly, two types of probes have been used. For
Exp-1, we prepared test pieces of steel F-114 (F-114 is
the Spanish notation for this steel (http://www.splavkharkov.com/en/e mat start.php?name id=87) with
175-220 Brinell of hardness) with dimensions of
190x100x20 mm. For Exp-2, we prepared test pieces
of aluminum known as Planoxal (hardness 85-150
Brinell), with dimensions of 180x110x20 mm. Since
aluminum is more malleable than steel, in Exp-2 it
was important to know the hardness of the material,
and so the hardness (HB) was measured before the
process in each test specimen of Exp-2.
(2) Experimentation. This step consists of performing the
milling for each one of the prepared experiments. The
different setup of Exp-1 and Exp-2 are made using all
the combinations of values for the predictor variables,
these are described in Table 1. In all cases, the surface
roughness was measured with the Karl Zeiss Surfcom
130 stylus profilometer.

Complexity
(3) Preprocessing. In this step, the Exp-1 and Exp-2
datasets are prepared. In detail, this step consists of
computing the average values of surface roughness
(Ra) and associating this result with the experimental conditions (i.e., the values of the predictor
variables).
(4) Model Generation. In this step the models for Exp-1
and Exp-2 are generated through machine learning;
the details are in Sections 3.2 to 3.4.
(5) Analysis of Results. This analysis is done in two
dimensions: (1) checking the quality of the models
and (2) validating its practical utility. For (1), classical
machine learning metrics (e.g., recall, precision, and
accuracy) were used to measure the performance
obtained in the classification of surface roughness.
For (2), the validation is done by comparing results
(the GBT models) with other classifiers that have been
used in the literature.
3.1. Experimental Description. As mentioned before, two
different experiments were designed to obtain the experimental data: one for machining slots on steel F-114 test
specimens (Exp-1) and another for machining geometries
using aluminum alloy (Exp-2). Each of these two experiments
was performed initially in a machining center and later in a
second machining center with different characteristics to the
first, to validate the experimental design and the predictive
model of surface roughness obtained in the first machining
center. Also, in both experiments the machining centers
were equipped with high-pressure coolant fluid: Houghton
HOCUT b-750 cutting oil at 5%, a type of coolant fluid
frequently used in the industry for its high quality and
anticorrosive properties [45].
Predictive models have been used by authors on this
domain in order to analyze the behavior of machines in
particular cutting conditions. For example, Pimenov et al.
[35] declare that a predictive model of surface roughness has
the ability to understand new machining working conditions.
In our case, predictive models help us analyze the value of
surface roughness in new experimental cases. A descriptive
model is not adequate in this case because it does not directly
provide the ability to predict new cases.
The experimentation in HSM is generally expensive;
thus, for the experimentation described in this paper the
experimental model described in [9, 23] has been used and
the same machining centers described in [9]. In detail, the
first process of obtaining experimental data was performed
with a Kondia HS1000 machining center (hereinafter referred
to as M1) with CNC Siemens 840D, axis = 3, spindle speed of
24000 rpm, and maximum power of 17.5 KW and the second
on a Versa model machine (variant 675004) (hereinafter
referred to as M2) with CNC Heidenhain TNCi530, axis
= 5, Spindle speed of 15000 rpm, and maximum power of
50.0KW.
In each of the experiments (Exp-1 and Exp-2) conditions
were set related to the tool, machine (cutting conditions),
and material to be machined or test specimen. In that order,
said characteristics are described below for each experiment.

5
Table 1 shows the information of the variables used on Exp1 and Exp-2; the symbol, units, and admitted values are
described for each variable.
Exp-1 was designed to generate linear cuts over steel
probes and measure surface roughness on a linear surface;
the tool characteristics were its diameter and the number of
flutes. Karnasch tools (models 30.6455 and 30.6465) of different diameters were used. Considering standard machining of
slots in the manufacture of molds, four different diameters
of tools were used: 6,8,10 and 12 mm, and for each type
of diameter, variations of 2 and 6 flutes were used per tool
(flutes). Two slots lengths were made for each diameter and
flutes variation (2x4x2), for a total of 16 experimental-tool
combinations.
The characteristics of the cutting conditions are the
axial depth of cut (ap), advance speed/feed rate (F), and
spindle rotation speed (n). The machining of slots was done
with F = 1500 mm/min and n = 5000 rpm initially, and
then increments of 25, 50, and 75% of the initial F and n
were applied. For each of the experimental-tool combination
(described above) variations of ap (0.2, 0.4, 0.6, and 1.0),
F (1500, 1875, 2250, and 2625), and n (5000, 6250, 7500,
and 8750) were applied (see Table 1). Thus, the complete
experimental set included 124 different conditions. All the
tests were repeated on each cutting-machine to increase the
amount of data to obtain a dataset of 270 samples for M1 and 150 samples for Machine-2; for each experiment the
incomplete records were removed leaving a training dataset
of 251 records and 123 records, respectively.
Examples of combinations of the variables described
above (Table 1) are shown in Table 2; these values correspond
to the parameters used in the tests and to the calculation
of the surface roughness (postprocess) according to the way
of calculating the Ra value described in the introduction. In
synthesis, for Exp-1, five predictive variables and the surface
roughness class were used. Both the class and the rest of the
continuous variables were discretized as shown in Table 2
and based on the experimental design and the discretization
described on previous works such as [4, 9, 16, 23].
In order to calculate the surface roughness average (Ra),
partial values of surface roughness in a slot were measured.
In order to do this, contact profilometers were used such as
described in [4, 23]. For each slot, four partial measurements
of surface roughness were made, then a final value of
surface roughness per slot was obtained by averaging. The
continuous values of surface roughness were grouped in
ranges; these ranges were created based on the following
criteria: next value = (previous value + 60% previous value)
+ dX, where dX is a variation that considers the error margin
from contact measurement (by manual profilometer).
In accordance with ISO: 4288 (1996) and ISO: 1302
(2002), there are several discrete values for Ra that are related
to continuous values (all values in nanometers) [4, 23]: 0.10 =
Mirror, 0.20 = Polished, 0.40 = Ground, 0.80 = Smooth, 1.60
= Fine, 3.20 = Semifine, 6.30 = Medium, 12.50 = Semirough,
and 25.0 and 50.0 = Clear. Thus, in accordance with previous
works such as [4, 9, 16, 23], the labels Smooth, Fine, Semifine,
and Medium were created for surface roughness average as
shown in Table 2. Ra values greater than 10.1 were discarded
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Table 2: Examples of machining cutting conditions and Ra values in Exp-1.
diam
(mm)

flutes

ap
(mm)

F
(mm min−1 )

n
(rpm)

Ra
(nm)

1

6
6
8
8
10
10

2
6
2
6
6
2

0.2
0.4
0.6
1
0.2
0.4

1500
1500
1875
2250
2625
1875

5000
6250
5000
6250
5000
8750

Smooth
Smooth
Semi-Fine
Smooth
Semi-Fine
Fine

2

6
6
6
8
8
10

2
2
6
2
6
6

0.2
0.4
0.6
1
0.2
0.4

2250
2250
1500
1875
2250
2625

5000
7500
8750
6250
5000
7500

Smooth
Semi-Fine
Smooth
Fine
Smooth
Smooth

Machine

Table 3: Discretization of variables of the Exp-1 model.
State
0
1
2
3

F
[lower, upper)
[1000, 1500]
(1500, 1875]
[1875, 2250]
[2250, 2626)

n
[lower, upper)
[4000, 5000]
(5000, 6250]
(6250, 7500]
(7500, 8750)

because these values are of little use for the metal parts
manufacturing industry or the aerospace industry. Examples
from the datasets and the discrete values of surface roughness
average are shown in Table 2. Table 3 shows the ranges and
discrete values for variables and for the surface roughness
average in the case of the slots.
Exp-2 was designed to generate nonlinear cuts (geometries) to measure surface roughness on a radial surface. The
tool characteristic was tool diameter (diam); tools Karnash
of different diameters (10, 12, 16, and 20 mm) were used, but
the same number of flutes (4 flutes). The characteristics of the
cutting conditions for Exp-2 are ae, ap, f, and n (see Table 1).
For Exp-2, circumferences with a radius of 3.5 cm and height
of 1,5 cm were initially considered and two different radial
cut-depths were made (1 mm and 0.50 mm).
The machining of geometries was performed with n =
8000 rpm initially; after making increments of 20% for each
subsequent value the set n = {8000, 9600, 12000, 15000} was
generated. Also, the initial value of F was 500 and two
representative values based on the analysis of previous experimental results were selected; thus, the set F = {500, 675, 750}
was considered.
As it has been said above, the surface roughness labels
were assigned in accordance with the average roughness
established in ISO: 4288 and ISO: 1302 (see Table 3). For
each machined circumference, six partial measurements of
surface roughness were made, then, a final value of surface
roughness per geometry was obtained by averaging. Thus,
the complete experimental set for geometries included 164
different conditions. As discussed in the previous description

ap
0.2
0.4
0.6
1

Ra
[lower, upper)
Smooth = [0.70, 1.59]
Fine = [1.6, 3.20)
Semi-Fine = [3.20, 6.30)
Medium = [6.30, 10.10]

of Exp-1, all the tests were repeated on each cutting-machine
to increase the amount of data. After excluding incomplete
data, a total of 431 records were obtained for M-1 and a
total of 242 records were obtained for M-2. Examples from
the datasets and the discrete values of surface roughness are
shown in Table 4.
A summary of both the class labels and the continuous
variables discretization (described above) is shown in Table 5.
As a summary, Table 6 shows values related to the class and
the dataset in each case.
3.2. Implementation of the Models. To obtain the models
described above, RapidMiner Studio 7.6  (free version) will
be used. This tool allows for obtaining various machine
learning models from the data [46]; in particular, we can use
it to build GBT models. The workflow used with this tool is
shown in Figure 1. This process is applied to each one of the
four distinct datasets evaluated.
The datasets have been acquired following the experimental design described in [9, 23] and those datasets have
been prepared as described in Section 3.1 of this document.
Therefore, the workflow in this work starts in the Read Data
task (see Figure 1).
3.3. Evaluation of the Methods. In this research, a series
of methods will be evaluated, measuring the performance
obtained in the classification of the variables of interest. The
different evaluation metrics to be used in this work will be
detailed below; in particular, the performance indicators to be
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Table 4: Examples of cutting conditions of geometries and Ra values in Exp-2.
F
(mm min−1 )

diam
(mm)

ae
(mm)

ap
(mm)

HB

n
(rpm)

Ra
(nm)

M1

500
675
750
550
675
750
500
675
750

10
10
10
12
12
12
12
12
12

10
10
5
10
5
5
10
5
10

10
5
10
5
10
5
10
5
10

111
110
111
112
111
110
111
111
111

8000
8000
8000
8000
8000
8000
9600
9600
9600

Smooth
Smooth
Smooth
Smooth
Fine
Fine
Fine
Fine
Fine

M2

500
675
750
500
675
750
500
675

12
12
12
16
16
16
20
20

10
10
10
10
5
5
5
5

10
5
10
5
10
5
10
5

85
85
85
85
85
85
85
87

12000
12000
15000
15000
15000
15000
15000
15000

Smooth
Smooth
Fine
Smooth
Smooth
Smooth
Smooth
Smooth

Machine

Table 5: Discretization of the continuous variables of the Exp-2 model.
State
0
1
2
3

HB
[lower, upper)
[85, 100)
[100, 115)
[115, 130)
[130, 145)

ae

ap

0.5
0.5
1
1

5
5
10
10

Ra
[lower, upper)
Smooth = [0.7, 1.6)
Fine = [1.6, 3.2)
Semi-Fine = [2.1, 4.1)
Ground = [4.1, 6.1)

Table 6: Additional information for each dataset.
Data set

Description of the data
Maximal number of slots per test piece: 31
Minimum number of slots per test piece: 15
Number of experiments (4 variations of ap for each slot): 462
Number of partial measurements of surface roughness: 1848
Maximal number of geometries per test piece: 8
Minimum number of geometries per test piece: 6
Number of experiments (2 variations of ae for each geometry): 768
Number of partial measurements of surface roughness: 1638

Slots

Geometries

Optimal

Grid Search with
Cross Validation

Model

80% data
Read Data

Split Data
80/20

20% data

Apply

Evaluate

Model

Model

Figure 1: The workflow implemented in RapidMiner.
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Table 7: Confusion matrix.

Predicted Class

True Class
Positive
Negative
𝑎
𝑏
𝑑
𝑑

Positive
Negative

used to compare methods are recall, precision, and accuracy.
These metrics are standard in the machine learning literature
and the presentation made in the following paragraphs is
based on the work of Sammut [47].
Based on the data obtained in the experiments, we will
obtain a confusion matrix. This matrix will facilitate the analysis needed to determine where classification errors occur.
The confusion matrix is a table that shows the distribution of
errors in the different categories. The performance indicators
necessary to evaluate the performance of the classifier to be
implemented, specifically accuracy, recall, and precision, will
be calculated using this matrix. An example of the structure
of this matrix is shown in Table 7 for the case of two classes
(positive and negative in this example).
a is the number of correct predictions for positive
instances, b is the number of incorrect predictions for negative instances, c is the number of incorrect predictions for
positive instances, and d is the number of correct predictions
for negative instances. The simplest indicator to evaluate the
performance of a classifier is accuracy (𝑎𝑐𝑐), corresponding
to the ratio of correctly classified examples on the total of
examples in the dataset [48]. This indicator can be calculated
based on the data of the confusion matrix according to (1) (it
is assumed that the dataset is not empty).
𝑎𝑐𝑐 =

𝑎+𝑑
𝑎+𝑏+𝑐+𝑑

(1)

The other indicators, that is, precision and recall, are understood as measures of relevance. Precision is the proportion of
true positives (a) among the elements predicted as positive.
Conceptually, precision refers to the dispersion of the set of
values obtained from repeated measurements of a quantity.
Specifically, a high precision value (𝑝) implies a low dispersion
in the measurements. Recall (𝑟) is the proportion of true
positives predicted among all elements classified as positive,
that is, the fraction of relevant instances that have been
classified. Precision and recall are calculated according to (2)
and (3) (assuming 𝑎 + 𝑏 ≠ 0 and 𝑎 + 𝑐 ≠ 0, respectively).
𝑝=

𝑎
𝑎+𝑏

(2)

𝑟=

𝑎+𝑑
𝑎+𝑐

(3)

Recall and precision and particularly well-suited for unbalanced datasets [10]. Thus, given the unbalanced nature of our
data, these metrics are appropriate for the evaluation of the
dataset. Meanwhile, accuracy is not necessarily useful in the
case of unbalanced data (e.g., it is easy to create an “accurate”
classifier by choosing the most recurring class, but this would
hardly be useful); however, it allows obtaining a general view

of the performance of our models when taken in the context
of the other metrics.
3.4. Parameterization of the Models. The original data was
split into 80% for training and hyperparameter tuning and
20% for testing the final model in order to obtain an unbiased
estimate. The optimal model was found using K-fold crossvalidation with 3-folds and using a grid search. For GBT the
optimized parameters were
(i) number of trees: {10, 20, 30, 40, 50, 60, 70, 80, 90, 100};
(ii) maximal depth: {1, 2, 3, 4, 5, 6, 7, 8};
(iii) minimum rows: {4, 5, 6, 7, 8, 9, 10}.
There are other parameters in this model that remained fixed
for simplicity and thus they were not optimized. In particular,
they are the number of bins (20), the learning rate (0.1), and
the sample rate (1.0). The optimal hyperparameters alongside
its accuracy on cross-validation and the test set are shown in
Table 8.

4. Results
4.1. Gradient Boosted Trees for Slots. The results obtained are
shown for the slots dataset of both machines with the models
given by GBT; both the confusion matrices and the models
obtained in each case are presented. Table 9 shows the results
obtained with GBT for the slots dataset of M-1. The final
accuracy is 78.00% on the test set. The results seem to be
mainly balanced; however, the Semifine class presents the
lowest precision and recall of each one of the classes.
Table 10 shows the importance of each of the variables
with respect to the slots dataset M1. As can be seen here, the
most important variable corresponds to axial cut-depth (ap),
followed by the rotation speed (n). On the other hand, the
diameter of the tool (diam), the feed rate (F), and the number
of teeth (flutes) are considered less relevant for a prediction
according to the analysis carried out in this dataset, since they
take importance values of around 20% or less.
Table 11 shows the results obtained with GBT for the slots
dataset of M-2. In particular, it should be noted that the
final accuracy is 61.54%, the lowest one in all the performed
experiments. The failure of the model seems to occur with the
Semifine class, which by analyzing the results of the confusion
matrix seems to be hard to distinguish from the Fine class.
Table 12 shows the importance of each of the variables
with respect to the M2 slots dataset. As can be seen here,
the variable of greater importance corresponds to the axial
cut-depth (ap) and then the diameter of the tool (diam) in
second place. Noting that all other variables, except those
two, provide an importance value lower than 20%, they are
considered of less importance for the predictive capacity in
this model.
4.2. Gradient Boosted Trees for Geometries. The results
obtained for the geometries dataset of both machines with the
models given by GBT are shown below; both the confusion
matrices and the models obtained in each case are presented.
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Table 8: List of hyperparameters used for both machines with each model and general results.
Number of
Trees (per class)

Maximal
Depth

Minimum
Rows

Slots (M1)

40

4

5

Slots (M2)

60

6

4

Geometries
(M1)

100

8

10

Geometries
(M2)

40

4

8

Experiment

Accuracy on Grid
Search
Cross-Validation
82.51% +- 1.76%
(82.50% micro
average)
89.67% +- 4.64%
(89.62% micro
average)
87.51% +- 2.93%
(87.50% micro
average)
89.57% +- 0.74%
(89.58% micro
average)

Accuracy on
Test Set
78.00%

61.54%

88.51%

85.71%

Table 9: Confusion matrix for the slots dataset M1 (GBT).
Pred. Smooth
Pred. Fine
Pred. Semi-fine
Pred. Medium
Class Recall

True Smooth
6
3
1
0
60.00%

True Fine
0
19
1
0
95.00%

True Semi-Fine
0
4
6
0
60.00%

True Medium
0
0
2
8
80.00%

Class Precision
100.00%
73.08%
60.00%
100.00%
Acc: 78.00%

Table 10: Importance of the variables for the slots dataset M1.
Variable
Axial Depth of Cut
Ration Speed
Diameter of the Tool
Advance Speed
Number of Teeth

Importance
219.5075
107.3826
86.7459
49.5846
2.3563

Relative Importance
1.0000
0.4892
0.3952
0.2259
0.0107

Percentage (%)
47.15%
23.06%
18.63%
10.65%
0.51%

Table 11: Confusion matrix for the slots dataset M2 (GBT).
Pred. Smooth
Pred. Fine
Pred. Semi-fine
Class Recall

True Smooth
2
0
0
100.00%

True Fine
1
12
5
66.67%

True Semi-Fine
0
4
2
33.33%

True Medium
66.67%
75.00%
28.57%
Acc: 61.54%

Class Precision
2
0
0
100.00%

Table 12: Importance of the variables for the slots dataset M2.
Variable
Axial Depth of Cut
Diameter of the Tool
Rotation Speed
Number of Teeth
Advance Rate

Importance
62.5060
51.2562
23.4585
17.0898
9.8038

Table 13 shows the results obtained with GBT for the
geometries dataset of M-1. In particular, it should be noted
that the final accuracy is 88.51%. The best classification
obtained has been for the label “Fine”, with a 100% of
precision for the 97.22% of the total of the cases for this

Relative Importance
1.0000
0.8200
0.3753
0.2734
0.1568

Percentage (%)
38.09
31.23
14.29
10.41
5.97

classification. Note that again the metrics present a good
performance for a problem of four classes (compared to
a random choice classifier). The results, in this case, seem
to be mostly balanced, with no class bringing down the
performance in a major way.
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Table 13: Confusion matrix for the M1 geometries dataset (GBT).

Pred. Smooth
Pred. Fine
Pred. Semi-fine
Pred. Medium
Class Recall

True Smooth
23
0
0
2
92.00%

True Fine
3
12
0
1
75.00%

True Semi-Fine
0
1
35
0
97.22%

True Medium
0
3
0
7
70.00%

Class Precision
88.46%
75.00%
100.00%
70.00%
Acc: 88.51%

Table 14: Importance of the variables for the M1 geometries dataset.
Variable
Hardness of the Material
Diameter of the Tool
Advance Speed-Feed Rate
Rotation Speed
Radial Depth of Cut
Axial Depth of Cut

Importance
413.6821
188.2179
122.5317
118.9302
39.7190
19.8198

Relative Importance
1.0000
0.4550
0.2962
0.2875
0.0960
0.0479

Percentage (%)
45.82
20.85
13.57
13.17
4.40
2.20

Table 15: Confusion matrix for the M2 geometries dataset (GBT).

Pred. Smooth
Pred. Fine
Pred. Semi-fine
Pred. Medium
Class Recall

True Smooth
6
3
1
0
60.00%

True Fine
0
14
0
1
93.33%

True Semi-Fine
0
0
14
0
100.00%

True Medium
0
2
0
8
80.00%

Class Precision
100.00%
73.68%
93.33%
88.89%
Acc: 85.71%

Table 16: Importance of the variables for the M2 geometries dataset.
Variable
Diameter of the Tool
Rotation Speed
Hardness of the Material
Radial Depth of Cut
Advance Speed-Feed Rate
Axial Depth of Cut

Importance
169.6404
119.9600
97.2817
92.2594
17.5635
15.4129

Table 14 shows the importance of each one of the variables
with respect to the M1 geometries dataset. As can be seen
here, the most important variable corresponds to the hardness of the material (HB), followed by the diameter of the
tool (diam). The rest of the variables seem to be less relevant
according to the analysis carried out in this dataset, being
below a 20% of importance on this experiment.
Table 15 shows the results obtained with GBT for the
geometries dataset of M-2. In particular, it should be noted
that the final accuracy is 85.71%. Similar to the results of the
classification in M1, the best classification obtained has been
for the label “Fine”, with a 93.33% of precision for the 100%
of the total of cases. In general, the result of M2 is similar to
the one from M1. Again, in this case, there does not seem to
be any class that is bringing the classification results down
in any major way. Although the precision of the Fine class is
lower than the other ones, the recall of the Smooth class is
also comparably lower than the results of the other ones.

Relative Importance
1.0000
0.7071
0.5735
0.5439
0.1035
0.0909

Percentage (%)
33.13
23.42
19.00
18.02
3.43
3.00

Table 16 shows the importance of each of the variables
with respect to the M2 geometries dataset. As can be
seen here, the most important variable corresponds to the
diameter of the tool (diam) and then rotation speed (n). All
the other variables have a lower than 20% importance, with
“feed rate” and “ap” being particularly low. Note that “ap” is
the variable of least importance in both machines, while the
diameter seems to be important in both cases.
Figure 2 summarizes the importance of the variables
according to the GBM models used for all experiments and
machines. In particular, Figure 2 shows that in Exp-1 the
axial depth of cut (ap) is the most important variable, but
for Exp-2 the hardness of the material (HB) and diameter of
the tool (diam) are the most important variables, although
arguably the rotation speed (n) could be considered important too, depending on the machine. These results highlight
the importance of the particular characteristics of each one of
machining centers, because despite using the same working
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Importance Exp-1 M1
0%

Importance Exp-1 M2
6%

11%

11%
38%

19%

47%

14%

23%

31%

Axial Depth of Cut
Ration Speed
Diameter of the Tool
Advance Speed
Number of Teeth

Axial Depth of Cut
Ration Speed
Diameter of the Tool
Advance Speed
Number of Teeth
Importance Exp-2 M2

Importance Exp-2 M1
4% 2%

4% 3%

13%

18%

33%

46%
14%
19%
21%
Hardness of the Material
Diameter of the Tool
Advance Speed - Feed Rate
Rotation Speed
Radial Depth of Cut
Axial Depth of Cut

23%
Hardness of the Material
Diameter of the Tool
Advance Speed - Feed Rate
Rotation Speed
Radial Depth of Cut
Axial Depth of Cut

Figure 2: Pie charts for the importance of variables in each experiment and machine.

model in both machining centers (same forces, “ap”, etc.) the
results are very different in each case.
4.3. Comparison with Other Methods. We compare the GBT
models with other classifiers that have been used in the
literature, such as SVM with RBF kernels or other powerful
classifiers like Random Forests. In order to have a fair
comparison, we find the optimal parametrization for each
one of the compared algorithms using the same strategy as
before.
For SVM we used a 1-vs-1 scheme for multiclass classification and we tried two kinds of kernels (RBF and Linear)
with the parameters C in the range (0.00001, 0.0001, 0.001,
0.01, 0.1, 1.0, 10, 100, 1000, 10000, 100000) and gamma

in the range (0.00001, 0.0001, 0.001, 0.01, 0.1, 1.0, 10, 100,
1000, 10000, 100000). For Random Forests we considered as
hyperparameters the Number of Trees (range: 10, 20, 30, 40,
50, 60, 70, 80, 90, 100) and Maximal Depth (range: 1, 2, 3, 4,
5, 6, 7, 8), which are analogous to the parameters of GBT.
The optimal hyperparameters are then used to train 10
classifiers using a hold-out strategy with randomly sampled
data from the original dataset. The idea is now to find an
estimate of the accuracy of each classifier on the test set
and average the results of the 10 classifiers for the different
samples. All methods were evaluated using accuracy. We perform a 1-factor (i.e., choice of method) Analysis of Variance
(ANOVA) for each dataset and report the corresponding pvalues.
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Table 17: Comparison between models in each dataset.

Dataset
Slots M1
Slots M2
Geometries M1
Geometries M2

GBT
Accuracy: 83.20% +- 6.27%
(40, 4, 5)
Accuracy: 72.69% +- 7.19%
(60, 6, 4)
Accuracy: 85.29% +- 2.56%
(100, 8, 10)
Accuracy: 83.68% +- 4.98%
(40, 4, 8)

SVM
Accuracy: 80.20% +- 5.02%
(RBF, 10, 0.10)
Accuracy: 75.77% +- 4.88%
(RBF, 10, 1.0)
Accuracy: 82.76% +- 2.47%
(RBF, 1000, 1.0)
Accuracy: 83.27% +- 4.64%
(RBF, 1000, 1.0)

The results are shown in Table 17 alongside the optimal
parametrization in each case, for SVM the optimal hyperparameters are shown in the format given by the tuple (Kernel,
C, gamma), for GBT we have the format (Number of Trees,
Maximal Depth, Minimum Rows), and for Random Forests
we have the format (Number of Trees, Maximal Depth).
The ANOVA reveals that there is no statistically significant difference for the slots (M1 and M2) and Geometries
M2, while there is a potentially significant difference in the
performance of the methods on Geometries M1. Further
inspection reveals that there’s a difference between RBF SVM
and the other two methods, but there’s no significant difference between GBT and Random Forests. This suggests that
the results from GBT are competitive with other classifiers in
the state of the art.

5. Discussion
Previous works generate surface roughness predictive models
using several soft computing techniques; however, there are
no standard models to predict surface roughness, the models
being usually generated under specific conditions of machining, coolant, machine tool, and tool. In the literature, it is
possible to find works in which artificial neural networks or
Bayesian networks are applied to generate predictive models
of surface roughness; also classic decision trees have been
used as a technique for pattern identification in the behavior
of variables that influence surface roughness in the industry
[41], but not many works were found where techniques based
on decision trees are used to predict surface roughness (such
as, for example, Random Forest or Gradient Boosted Trees).
A recently published work is [35] where they use random
forest (RF), multilayer perceptron (MLP), regression trees
(RT), and radial base functions (RBF); this paper presents
a comparative study of the surface roughness prediction
quality; RF is the one that provides the best results in terms of
accuracy, followed by RT and MLP. In our work, we use GBT,
obtaining better results in terms of accuracy than similar
works performed with the same experimental design and
reported, for example, in [4, 23].
In this work, we use real training data and we have
also obtained a graphical representation of knowledge using
classic decision trees to complement the results obtained by
GBT; in this way the joint result provides greater graphic
expressivity regarding conditional influences and the values
of the predictor variables on the class labels than, for example,

Random Forests
Accuracy: 87.60% +- 6.64%
(80, 5)
Accuracy: 77.31% +- 9.80%
(30, 8)
Accuracy: 86.44% +- 3.20%
(30, 8)
Accuracy: 86.12% +- 4.26%
(20, 8)

p-value
0.2746
0.4308
0.0263
0.3817

Bayesian networks. This is important since it can be easily
used to create a domain representation model and can also be
interpreted to generate rules that contain dynamic knowledge
of the machining process, which facilitates the construction
of knowledge and inference bases for an eventual expert system of surface quality prediction in real time under concrete
tool conditions, material to be machined, and machine tool.
All the pieces-of-knowledge derived from this research
and other obtained from previous related works can be used,
for example, to generate inference rules that help to establish
the impact of measures of predictor variables on the surface
roughness class. Figure 3 shows the syntax diagram for ifstatements, based on what was said previously. For example,
if statement 1 shows that the axial depth of cut (ap) has the
highest influence on workpiece roughness, but if the machine
is M-1, then the least important variable is the number of teeth
(flutes), while for M-2 the variable of least importance is the
advance speed (F). The If-Then statement described above
can be generalized for mechanical cutting with machines
that have similar characteristics to M-1 or M-2, and some
characteristics of the cutting process using steel F-114 can now
be tested.
Finally, the ability of Gradient Boosted Trees to determine
the importance of each variable with respect the labels
could be considered similar to the ability of Bayesian networks to model influences between these variables and the
labels. This is very important in the domain of micro- and
nanomachining, where precision in the machining influences
heavily the final results. Again, the knowledge gained here
can be combined with previous knowledge that has been
obtained by elicitation from experts or from state of the art,
analysis of results, among others, so that this knowledge can
be represented in a knowledge base and used by a Rulebased System or Decision Support System. In order to obtain
conclusions about surface roughness as influenced by the
predictive variables or to be able to predict surface roughness
given a dataset or a particular data record.

6. Conclusions
The integration of AI algorithms into computational solutions and techniques for analyzing large amounts of data
are gaining interest in the modern industry. This integration
is part of what some authors call the sixth technological
revolution [27]. In keeping with this idea, this document
provides a model of the surface roughness average (Ra) as a
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if-statement_1: tool

if machine = M1

conditions /slots

else

if-statement_2: tool&test piece

if machine = M1

conditions /geometries

else

(

relevance(ap, 0.30),
relevance(n, 0.23)
relevance(diam, 0.19),
relevance(F, 0.10),
relevance(flutes, 0.05)

)

(

relevance(ap, 0.38),
relevance(diam, 0.31)
relevance(n, 0.14),
relevance(flutes, 0.10)
relevance(F, 0.05)

)

(

relevance(HB, 0.45),
relevance(diam, 0.20)
relevance(f, 0.13),
relevance(n, 0.12),
relevance(ae, 0.04)
relevance(ap, 0.02)

)

(

relevance(diam, 0.33),
relevance(n, 0.23)
relevance(HB, 0.19),
relevance(ae, 0.18),
relevance(F, 0.05)
relevance(F, 0.05)

)

Figure 3: Syntax diagrams for two if-statements related to machining conditions and the relevance of variables for M-1 and M-2.

result of a predictive analysis using Gradient Boosted Trees.
The models presented in this work evaluate the influence of
cutting conditions, the characteristics of two different endmilling machines, and the material (steel and aluminum test
pieces) on the surface quality of high-speed machining.
Previous works, such as [1, 32], provide mathematical
models to predict surface roughness considering operational
characteristics of HSM; the second group of works provide
surface roughness models using various soft computing and
AI techniques; specifically, they apply ANNs (for example,
[17, 24]), Genetic Algorithms (for example, [1, 25]), or
Bayesian networks (for example, [4, 13, 21]). Generally, these
models consider aspects related to the tool, the machine,
and the material to be machined, and some other works
incorporate other aspects such as the lubricant or coolant (for
example, the works in [15, 49]).
As a soft computing and AI approach, this work falls in
the second group, with the advantage that the resulting model
in each experiment has a high accuracy value in comparison
with other techniques such as decision trees, thanks to the
accuracy of the GBT algorithm. A potential improvement
that could be made to our model is incorporating the
characteristics of the coolant used and study the behavior of
the conditional influences on the surface roughness.
The main contributions of this work are the predictive
model itself and the subsequent analysis of variable importance. In particular, our results show accuracies ranging from

61.54% to 88.51% on the datasets, which are competitive
results when compared with the other approaches shown in
this paper. An important advantage of applying this model
is that we have been able to analyze which variables have
the most impact on the predictive ability of our model in
a natural way. In this context, we find that the axial cutdepth is the most influential feature for the slots datasets.
The axial cut deep is the axial contact length between the
cutting tool and the workpiece [44]; this means that when
developing an experimental model for working with steel F114, the influence of the cut-depth and the hardness of the
material must be carefully considered. On the other hand, the
hardness and the diameter of the cutting tool are the most
influential features for the geometries datasets. Thus, similar
considerations as before could be held for these variables in
this case.
As a potential future line of work and for practical
applications, the results of this study could form the basis
of a decision support system. In particular, such a system
could use the knowledge contained in the predictive models
as a core knowledge base. In particular, since the predictive
model GBT is based on decision trees, it would be relatively
easy to extract the information from the tree branches as a
knowledge base. These branches could be used as rule sets
for technicians and other users to interpret and understand
the current behavior of the machining systems. Furthermore,
this knowledge base could be enriched with more data as
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it becomes available, although this avenue of work would
eventually lead to concerns of scalability of such a decision
support system.
Finally, as has been said in the discussion, the application
of the GBT algorithm (derived from decision trees) is not very
common in the industry, even though decision trees are one
of the most widely used machine learning techniques because
of the ease they provide in generating clear production
rules and being easily understood by end users. This brings
confidence to the predictive models presented here in the
presence of new cases that might be taken as input to predict
surface roughness.
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Campus de Sant Vicent del Raspeig s/n, 03690, Sant Vicent del Raspeig, Alicante, Spain
2
University Institute of Physics Applied to Sciences and Technologies, Universidad de Alicante, Alicante, Spain
3
Manufacturing and Construction Engineering Department, ETS de Ingenieros Industriales,
Universidad Nacional de Educación a Distancia, Calle Juan del Rosal, 12, 28040 Madrid, Spain
4
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Industry 4.0 in the contemporary operating context carries important sources of complexity. This context generates both traditional
risks and emerging risks that must be managed. The management of these risks includes both industrial risks and occupational
risks, since they are heavily interlinked. The human factor can be considered the main link between both types of risks. Thus,
understanding risks originating from human errors and organizational weaknesses as causes of accidents and other disruptions
in complex systems requires elaborating sophisticated modeling approaches. Therefore, the objective of this paper is to propose
an organizational and human performance approach to improve the emerging risk management linked to the complex systems,
like as Human-Machine Interactions (HMI) and Human-Robot Interaction (HRI). To fulfill this objective, we first introduce the
concept of emerging risk linked to human factor. Then, we introduce the concept of emerging risk management in the Industry 4.0
context. Under this complex context, we expose the concept considering the current models of risk management. Finally, we discuss
how enhancing human and organizational performance can be achieved through risk management in complex systems linked to
Industry 4.0. Therefore, we conclude that while Industry 4.0 brings numerous advantages, it must contend with emerging risks and
challenges associated with organizational and human factors. These emerging risks include industrial risks as well as occupational
risks. Moreover, the human factor aspect of Industry 4.0 is directly linked to industrial emerging and occupational emerging via
context of operations. To cope with these new challenges, it is necessary to develop new approaches. One of such approaches is
Complex System Governance. This approach is discussed along with the need for adequate organizational and human performance
models dealing with, for example, experience from other domains such as nuclear, space, aviation, and petrochemical.

1. Introduction
The concept “Industry 4.0” has its origin in a “strategic initiative” of the German government in 2011 [1]. In its simplest
form, this concept is a name given to the current trend of
automation and data exchange in manufacturing technologies. Industry 4.0 encompasses elements of cyber-physical
systems (CPS), Internet of Things (IoT), cloud computing,

and cognitive computing [2]. Industry 4.0 and its synonyms,
such as Smart Manufacturing, Smart Production, Internet
of Things, or the 4th Industrial Revolution [3], have been
identified as major contributors in the context of digital and
automated manufacturing environment [4]. Kagermann et al.
[1] note that such concepts are linked to smart manufacturing
systems configured with digital networking of production. In
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addition, the concept “advanced manufacturing” is related to
a greater interval of industrial modernization. The scientific
interest around these terms is clearly increasing during the
last years [5].
In contrast to conventional forecast based production
planning, Industry 4.0 enables real-time planning of production plans as well as dynamic self-optimisation [6].
The productive model based on Industry 4.0, in addition
to improving processes in terms of efficiency and quality,
can help improve safety as well as sustainability and the
industry image [7]. However, industrial processes configured
for advanced manufacturing processes and technologies can
increase levels of complexity of production processes and
introduce high dynamism into processes creating the socalled smart working environments [8, 9]. Taking the context
of critical infrastructures as a reference, Zio [10] suggests
that the industrial processes under the Industry 4.0 paradigm
can be considered complex, made up of many components
interacting in a network structure. These components can
be physical and cyber-physical, functioning heterogeneously,
organized in a hierarchy of subsystems, and contributing to
system as a whole.
However, there is scarcity of literature discussing issue of
complexity in the context of Industry 4.0. Table 1 is developed
to support this thesis. The first scientific publications emerged
in 2012. Thereafter, there has been increased interest in the
concept of Industry 4.0.
In relation to enterprise production and operation, Industry 4.0 has four objectives [11]: environmental sustainability,
safety, agility, and high efficiency. It has been suggested that
Industry 4.0 environment will lead to a new revolution in the
domains of safety management practices with “out of the box”
thinking [4]. However, this suggests that the management of
those organizations brings new challenges given significant
uncertainties associated with increasing complexity [12].
Suffice to say that traditional industry has its own
problems. When these problems are coupled with emerging
paradigm of Industry 4.0 along with emerging complex, there
emerges a need for development of rigorous and sophisticated approaches for risk management (i.e., traditional and
emerging risk management). Roig and Brocal [13] suggest
management of emerging risks through combination of
different approaches to provide more enlightened decisionmaking.
Interestingly, despite an increase in number of scientific
publications on the subject of “Industry 4.0” (Table 1) the
number of publications addressing “risk” and “Industry
4.0” is very low. Table 2 highlights this concern with the
following search in “Web of Science” (search standards used
in Tables 1–3; the results are null for the following queries:
TS=(“Industry 4.0” and “risk management”); TS=(“Industry
4.0” “emerging risk”)).
The management of these emerging risks includes both
industrial risks and occupational risks, since they are heavily
linked [14]. The human factor can be considered the main
link between both types of risks. In such cases, concepts
of Human-Machine Interactions (HMI), Human-Computer
Interaction (HCI), and Human-Robot Interaction (HRI) can
be considered among the most important [4, 7, 15]. In an
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Table 1: Number of scientific publications on complexity and
Industry 4.0 (Results from the Web of Science. Timespan: 2010-2018;
All databases; Field tag: Topic).
Year

Complexity

Industry 4.0

Industry 4.0 and
complexity

2018
2017
2016
2015
2014
2013
2012
2011
2010

70810
73548
82644
67325
59552
55519
51013
48151
46884

1555
1136
561
191
69
23
4
0
0

69
63
48
9
4
3
0
0
0

equivalent way to the results shown in Table 2, the number
of scientific publications that integrate the concepts Industry
4.0, safety, and occupational safety is still very scarce, as
shown in Table 3. In this way, Badri et al. [8] indicate that
published research on the integration of occupational health
and safety (OH&S) in the Industry 4.0 context is rarely
cited.
Thus, understanding risks originating from human errors
and organizational weaknesses as causes of accidents and
other disruptions in complex systems requires elaborating
sophisticated modeling approaches. Therefore, the objective
of the present research is to define an approach for organizational and human performance that can be used to improve
the emerging risk management linked to the complex systems
under paradigm of Industry 4.0. To obtain this objective, the
rest of this paper is organized as follows:
(i) Section 2 introduces the concept of emerging risk
linked to human factor in Industry 4.0 context.
(ii) Section 3 introduces the concept of emerging risk
management in the Industry 4.0 context. Under this
complex context, authors expose the concept considering the current models of risk management.
(iii) Section 4 is organized to provide ways to improve
organizational performance with the goal of improving safety in the complex systems linked to Industry
4.0

2. Emerging Risks
The definitions and risk models used in the professional and
scientific fields are numerous. In this regard, Aven [16] has
made a classification of definitions on risk most commonly
used. Said author considers that the definitions collected in
Table 4 are the most relevant. Aven [16] argues that the
definition or model (3) is the most appropriate.
From a standardized perspective, ISO 31000:2018 standard indicates that a risk is usually expressed in terms
of risk sources, potential events, their consequences, and
their likelihood [20]. In OH&S field, the ISO 45001:2018
standard defines an OH&S risk (the terms “OH&S risk” and
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Table 2: Number of scientific publications on risk and emerging risk in the Industry 4.0 (Results from the Web of Science. Timespan: 20102018; All databases; Field tag: Topic).
Year
2018
2017
2016
2015
2014
2013
2012
2011
2010

Risk
335.842
324.537
310.952
289.990
265.015
247.840
224.108
207.076
193.041

Risk management
7155
8226
7762
7210
6461
6173
5884
6050
6092

Industry 4.0 and risk
66
55
27
7
1
0
0
0
0

Emerging risk
84
88
90
71
81
74
66
62
79

Management and emerging risk
19
21
17
19
20
17
16
14
11

Table 3: Number of scientific publications on safety and occupational safety in the Industry 4.0 (Results from the Web of Science. Timespan:
2010-2018; All databases; Field tag: Topic).
Year
2018
2017
2016
2015
2014
2013
2012
2011
2010

Safety
291.426
262.601
246.359
228.041
216.289
182.296
154.996
124.767
109.836

Industry and safety
13.270
14.352
11.658
11.239
10.651
10.390
9.189
8.616
7.259

Industry 4.0 and safety
81
58
23
7
3
1
0
0
0

“occupational risks” are used as equivalent in this paper) as
the combination of the likelihood of occurrence of a workrelated hazardous event or exposure (s) and the severity of
injury and ill health that can be caused by the event or
exposure(s) [21]. These definitions are among the models on
risk collected in Table 4, highlighting the adaptation of model
(2) to the definition of occupational risk.
The application of these definitions and models needs
adaptations and new approaches when dealing with emerging
risks, which are discussed in the following sections.
2.1. Emerging Risk Concept. Generally, when the term
“emerging risk” is mentioned, this term refers to any risk
that is new and/or increasing. However, other perspectives
do exist. For example, the International Risk Governance
Council [22, 23] suggests that emerging risk should be viewed
from a “systemic” perspective. A systemic perspective of risk
includes both (i) emerging and (ii) new conditions. First,
the risk is emerging when it is new in a broad sense, as,
for example, in the case of new technologies, new materials,
etc. Second, the risk is emerging when being familiar or
traditional; it is presented under new or unfamiliar conditions (e.g., the reemergence of the poliovirus). In both cases,
uncertainty is the main characteristic of emerging risk [24].
From this perspective, the emerging risk adapts especially
well to model (4) (R=U). However, the IRGC [24] notes
that this uncertainty is related to the probabilities and/or
consequences of the emerging risk. In this way, model (2)
would also be applicable.

Occupational safety
1940
2248
1858
1536
1606
1596
1690
1343
1229

Industry 4.0 and occupational safety
7
7
1
1
0
0
0
0
0

Brocal et al. [17] have proposed a theoretical framework
through which the new and emerging risk (NER) concept
has been modeled, especially in industrial processes. The risk
model used as a reference is the following: a risk (R) is a
structure consisting of five components: the source of risk
(SR), causes (C), events (E), consequences (CO), and the
likelihood (L); this set may be expressed as (8):
(8) R = (SR, C, E, CO, L)
From this framework, Brocal et al. [25] have developed
TICHNER (Technique to Identify and Characterize NERs)
technique that aims to identify and characterize the NERs
generated by a manufacturing system. TICHNER is based in
the definition of NER considered in the reports published
by EU-OSHA [26–29]. This definition has been codified by
Brocal et al. [17] through the so-called conditions that define
an NER (C1, C2, C3, C4, C5, and C6), which are collected in
Table 5.
Given that a NER is any risk that is new and/or increasing,
Brocal et al. [17] consider that a risk is new (NR, new risk)
when it can be associated with conditions C1, C2, and C3.
Considering model (8), condition C1 is linked to new SR
and new C. The novel aspect can be both technological and
organizational. C2 and C3 are linked to new SR, C, E, and CO.
In this case, the novel aspect of C2 is associated with changes
in social perceptions and the novel aspect of condition C3 to
new scientific knowledge about risk. These authors consider
that a risk is increasing (IR, increasing risk) when it can
be associated with conditions C4, C5, and C6. Condition
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Table 4: Main models on risk used in the professional and scientific fields (adapted from [16]).
Model

(1)
(2)
(3)
(4)
(5)
(6)
(7)

Description
Risk=Expected value (loss)
Risk=Probability and scenarios/Consequences/severity of consequences
Risk=Consequences/damage/severity of these + Uncertainty
Risk=Uncertainty
Risk=Objective Uncertainty
Risk=Event or consequence
Risk=Event or consequence

R=E
R=P&C
R=C&U
R=U
R=OU
R=C
R=ISO

Table 5: Possible combinations between the Ci conditions and the risk components (model (8)) that can form a NER: NR and/or IR (adapted
from [17]).
Conditions

NEW

INCREASING

C1: New technological or
organizational variable
C2: New social perception
C3: New scientific knowledge
C4: Increase in the number of
sources of risk
C5: Increase in the likelihood of
exposure
C6: Increase health consequences

Source of Risk
(SR)

Risk Components (model 8)
Causes
Events
Consequences
(C)
(E)
(CO)

Likelihood
(L)

(SR,C1)

(C,C1)

—

—

—

(SR,C2)
(SR,C3)

(C,C2)
(C,C3)

(E,C2)
(E,C3)

(CO,C2)
(CO,C3)

—
—

(SR,C4)

—

—

—

—

—

—

—

—

(L,C5)

—

—

—

(CO,C6)

—

C4 is linked to the increase of SR, C5 to the increase of L
(exposure level and/or the number of people exposed), and
C6 to the increase of CO (seriousness of health effects and/or
the number of people affected).
Considering the above aspects, Table 5 shows the different
possible combinations between the Ci conditions and the risk
components that can form an NER (NR and/or IR). Thus,
depending on the combination in each case of interest, that
is, the characterization of emerging risk according to Brocal
et al. [25], the risk could be analyzed with one of the models
in Table 4.
The terms “new and emerging risks (NERs)” and
“emerging risks” are used as equivalent in this paper. However, some significant differences can be found in the technical and scientific literature. These differences, according
to Brocal [30] and Cantonnet et al. [31], point at a clear
problem of consensus on terminology and interpretation
around emerging risk. The works of Brocal et al. [17, 25]
propose approaches and models to reduce the associated
uncertainty.
It would be desirable that the terminology regarding these
risks (i.e., “new and emerging risks,” “emerging risks”) is
standardized. In this case, the CWA 16649: 2013 document
may prove to be the first step. Currently, International
Organization for Standardization (ISO) is developing the ISO
31050 standard—Guidance for managing emerging risks to
enhance resilience [32].
2.2. Emerging Risks Linked to Human Factor. The effects of
Industry 4.0 on OH&S generate advantages and drawbacks
that could generate emerging risks [8]. These emerging risks
include both industrial risks and occupational risks, since
they are heavily related [14]. Arguably, human factor is the

main link between industrial emerging risks and occupational emerging risks in advanced manufacturing processes.
This may as well be the case, given the complexity of operational and the shifting business environment that continues
to overwhelm human cognitive capacities [8, 33–37].
Consequently, one often tries to use mental and intellectual “shortcuts” in finding “easy” explanations or solutions
taking into account directly visible parts of the whole context
only. The complexity of modern systems generates the opacity
where some significant risks become systemic and may be
well hidden and lurking beneath until conditions reunite for
their full display. One of direct consequences of those changes
is the nature of the risks which continue to occur. While
undesirable events such as industrial accidents, process and
supply chain disruptions, or bankruptcies formerly occurred
from known causes and factors, contemporary events usually
originate from unanticipated interactions between elements
with no visible links [12, 38–40]. In tightly connected complex
systems and their environment, it creates conditions for
cascading events throughout them [10, 38, 41–49] due to
increased interdependencies [50, 51]. Several authors argue
that analyzing the performance of complex systems should
also imply a careful examination of low level events as well as
organizational factors such as safety culture and the incentive
system, which shape human performance and affect the risk
of errors [37, 39, 52–56].
2.3. Emerging Risks Linked to Complex Systems. The technological evolution, including the introduction of the concept
of Industry 4.0, and the contemporary operating context
significantly contribute to increasing complexity [12]. Some
authors categorize it as a “structural complexity” issued from
the heterogeneity of system components across different
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technological domains. It is a result of increased integration of various technological systems. There is also the
“dynamic complexity” which is revealed by an emergent
(usually unanticipated) system behavior as a reaction to
local perturbations and stimuli in its environment [10]. For
example, the integration of modern technologies and new
control rules (Industry 4.0) creates additional opacity in
systems.
In this regard, concepts such as Human-Machine Interactions (HMI) and Human-Robot Interaction (HRI) can
be considered among the most important [4, 7, 15]. HMI
and HRI can be considered sources of risk (SR). From this
perspective, Brocal et al. [25] have applied the TICHNER in
order to identify and characterize emerging risks linked to
HMI and HRI. These risks are heavily linked to conditions C1,
C4, and C5. In this regard, tasks that involve human control
of automated equipment are increasing [57], including the
expansion of HRI [58]. With the increase and development
of the cobots, these emerging risks are evolving towards
scenarios with greater uncertainty, due to (i) the greater
flexibility and mobility of the cobots as well as their greater
interaction with the workers [8, 57] and (ii) the challenge of
increasing the sophistication of the tasks carried out by this
type of robots [58].
The increase of this intelligent equipment can lead to
connecting the causes of human error with the “smart
machine error” [8]. Likewise, the increase in the number
of degrees of freedom of the robots also increases their
complexity, increasing the risk of entrapment and the difficulty for humans to predict their movements [15]. As the
manufacturing tasks become more individualized and more
flexible, the machines in smart factory are required to do
variable tasks collaboratively without reprogramming [59].
The reliability of such devices is more difficult to predict as
the complexity of these systems increases [8].
Brocal et al. [5] have classified the above emerging risks
into two groups, in light of their consequences (CO): accidents risks and psychosocial and musculoskeletal risks. The
accidents risks in automated environments are closely linked
by human errors [60]. Among other causes, it highlights
human monitoring and control of processes through control
systems, instead of direct control [61], which can lead to a
reduction of the practical knowledge of the process [62] and
therefore result in over-reliance on automated safety systems
[60]. In relation to psychosocial risks and musculoskeletal
risks, they can be studied independently or jointly, since
they are interrelated, especially in automated contexts. In
these contexts, considering the work of Flaspöler et al. [60],
the main interrelated causes (C) are low physical activity;
static postures; high mental workload, for example, during
the monitoring and control of the processes indicated by
Chidambaram [61]; reduced privacy at work (mainly because
new technologies allow closer and more intrusive supervision); and increase of problems in decision-making.

3. Emerging Risk Management
The increase in organizational complexity in manufacturing processes is changing from centralized decision-making
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towards decentralized instances. In decentralized instances,
decision-making can be taken by workers or by equipment
where artificial intelligence is integrated [57]. This increase
in the complexity of Industry 4.0 affects the OH&S especially
in terms of work content, management, and other organizational factors [8].
Based on the work of Brocal et al. [5], risk management
systems in the context of Industry 4.0 can be classified into
four hierarchically interrelated types: risk governance, risk
management, OH&S management system, and emerging risk
management. The main models, according to this classification, are discussed in the following section below.
3.1. Risk Management Models. From a global level, IRGC [63]
proposes a framework for risk governance. This framework
provides a guide for the design and application of comprehensive assessment and management strategies to deal with these
risks. SRA [64] defines risk governance as the application
of governance principles to the identification, assessment,
management, and communication of risk. Thus, the process
of risk management may be considered integrated into the
overall process of risk governance.
In relation to risk management, ISO 31000:2018 standard
provides guidelines and a common approach to managing
any type of risk. This standard defines risk management as
coordinated activities to direct and control an organization
with regard to risk. SRA [64] defines risk management as
those activities to handle risk such as prevention, mitigation,
adaptation, or sharing.
In OH&S field, the ISO 45001:2018 standard defines
management system as a set or interrelated or interacting
elements of an organization to establish policies and objectives and processes to achieve those objectives; and OH&S
management system is a management system or part of a
management system used to achieve the OH&S policy.
3.2. Emerging Risk Management Models. IRGC [65]
addresses emerging risks linked to technology and industrial
processes. The methodological aspects for early identification
and management of emerging risks are described by the
IRGC Guidelines for Emerging Risk Governance [24]. These
methodological aspects are flexible and adaptable, especially
in complex and uncertain contexts [24].
The IRGC [24] has reviewed emerging risk governance
frameworks, and it has selected five:
(i) ENISA: European Union Agency for Network and
Information Security
(ii) EFSA: European Food Safety Authority
(iii) Swiss Re SONAR system
(iv) Dutch framework (emerging risks related to the use
of chemicals)
(v) CEN workshop agreement (CWA) 16649:2013
(emerging risks related to technology)
CWA 16649:2013 proposes the Emerging Risk Management
Framework (ERMF). The whole process is based on the
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concept that emerging risks go through a maturation process [24]. This ERMF is based on the risk management
frameworks defined by IRGC [63] and ISO 31000: 2009.
Currently, International Organization for Standardization
(ISO) is developing the ISO 31050 standard—Guidance for
managing emerging risks to enhance resilience [32]. This new
standard has taken CWA 16649: 2013 as one of its references
[66].

4. Ways to Improve Organizational
Performance to Improve Safety in
the Complex Systems
As discussed above, the introduction of the concept of
Industry 4.0 brings numerous advantages, but also some new
issues. It includes, among other things, emerging risks related
to rising complexity of technological systems. One has limited
knowledge upon them due to lack of long-term observation
data. This situation is fairly challenging for management,
organizations, and individual workers as a whole.
This section presents a discussion on how to enhance
human and organizational performance aiming at improving
risk management in complex systems linked to Industry 4.0.
4.1. Challenges Related to Organizational and Human Performance. Komljenovic et al. [12] provide a comprehensive review of research works regarding organizational and
human performance in analysis of industrial accidents where
complexities, systemic risks as well as organizational and
human performance, are seriously involved.
A constant deviation toward danger or failure seems to
be one of their key characteristics. The latter is practically
impossible to grasp in traditional of chain-of-event analyses.
All this requires overcoming the traditional static
approach to risk, through the development of dynamic risk
management models oriented towards the organizational
and human performance, which is strongly linked to the
complex systems characteristic of Industry 4.0.
4.1.1. Dynamic Management. Industry 4.0 provides digital
management of operations in new technological devices,
improves working conditions, and generates a safe manufacturing environment for workers [4, 8]. In this way, this technological development allows the integration of advanced
safety systems. Among them, the use of Virtual Reality (VR)
stands out to create a risk-free virtual learning and training
environment, applications for the use with mobile devices
or wearable computing, and the use of RFID technology
[7]. Among the main applications of RFID technology is the
Workforce Management and the Enhancing Safety, which
allows, for example, real-time control of access to dangerous
areas, as well as emergencies [67].
In the work environment of Industry 4.0, a wide range
of examples of smart materials, smart personal protective
equipment, and other advances technological applications is
improving the OSH [9]. Such context production workers
provide immediate feedback of production conditions via
real-time data through their own smart phones and tablets
[6]. In this context, the safety management is one of the
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most important issues [7], where Podgorski et al. [9] have
proposed a framework based on new dynamic risk management paradigm. In this way, one of the challenges of Industry
4.0 is the difficulty of managing dynamic risk, as well as the
availability and presence of experts in OSH [8].
Thus, during the last few years, new approaches and
methodologies have been developed for risk assessment
and management considering the dynamic evolution of risk
[68]. The main objective of the dynamic risk assessment is
to provide an estimate of the risk over time that reflects
the current condition of the system, considering for it the
integration of the effective aggregation of heterogeneous
information [69].
4.1.2. Organizational Performance. It seems that the understanding of events is changing given that one of the main
sources of risks (SR) nowadays is the organization [12].
Majority of undesirable events (E) has essentially organizational components. One considers “organizational” factors
that understand a collective behavior (e.g., centralization and
decentralization and organizational clarity). These characteristics come from the evolution of two factors: (i) the category
of fences (physical or nonphysical) insuring a safe operating
environment and (ii) the new couplings between factors that
were formerly nearly independent. The latter is even pushed
further with Industry 4.0.
Barriers that allow normal operation progressed with
both the complication of work and the more involved persons. Therefore, this new context complicates the detection
of flaws in these barriers, leading to undesirable events and
failures. Such situations bring degradation of operational and
safety margins. They may be locally and individually acceptable, but the sum of effects may have important unanticipated
consequences that are not captured by a local analysis.
The complexity of the operating environment involves a
solution at the organizational level in order to cope with new
challenges [12, 34, 39, 45, 70–74].
There are also studies investigating the hypothesis that
modern enterprises depend on the deployment of cognitive
capacities [70]. The authors argue that there are severe
limitations on these capacities in a phenomenon they identify
as “functional stupidity.” “Functional stupidity” represents a
lack of critical thinking, a deliberate condition of ignorance
evading defiance to the status quo. This type of pathology
is usually widespread in settings ruled by economy in
persuading [75, 76]. Such a situation may lead to types
of administration curbing or marginalizing suspicion and
suppress effective communications. On the other hand, this
context brings a structure of interior discussions in such ways
favoring positive storylines and marginalizing undesirable
ones. Thus, those situations may lead to reducing capacities
of the innovation and creativity creating more fragile organizational structures that are vulnerable to both internal and
external threats and perturbations, particularly in complex
modern enterprises.
4.1.3. Human Performance. The behavior of people is basically shaped by their milieu. Marais et al. [77] analyze
situations where one does not always anticipate inadequate
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behavior. It seems that autonomous decisions across organization may lead to unexpected combination with harmful,
often surprising, impacts on both the performance and safety.
Additionally, Katina [75, 78] using a synthesis of literature
suggests that decision-making and actions are influences
by norms and personal attitudes, organizational structures,
knowledge base, and social context, degree of connectivity,
race and ethnicity, mass media, and national ideology. This
suggests a need for consideration of cognition, system,
and environment as well as their interplay. Furthermore, a
tangible reduction of undesirable events, such as accidents,
major process interruptions, or bankruptcies, involves a deep
understanding of human and organizational performance
issues.
Some research works propose the framework of complexity leadership theory which may help getting a better human
and organizational performance [79, 80].
As far as the rationality of decision-making is concerned,
several research works indicate that one cannot assume that
it is always rational [12, 35, 72]. Cognitive and motivational
biases are usually part of the decision-making process. Cognitive bias is defined as “a systematic discrepancy between
the “correct” answer in a judgmental task, initiated through
a formal normative rule, and the decision maker’s actual
response to such a task.” Motivational biases describe a
distortion in decision-making regarding outcomes, results, or
choices [72]. Those biases usually have a negative impact on
the wanted outcomes and performance of organizations.
4.1.4. Complex Systems. The complexity and the opacity of
modern systems bring difficulties to the staff to predict
its overall behavior as a function of its individual components. The complexity is a system property and results from
interactions between its components/subsystems, humans,
HMI, HRI, etc. It generates unanticipated and emergent
comportment of the system, often intensified by ill adapted
operator’s actions to those situations.
HRI can be a paradigmatic industrial and occupational
example of this complex and challenging context, where
Vasic and Billard [15] propose the design of new sensing
technology and of fast sensor fusion algorithms (i) to track
multiple moving targets in real time, (ii) to achieve robust
detection of human motion in order to build good predictive
systems, (iii) to ensure robust detection of contact between
robots and surrounding living agents in multiple points, and
(iv) to develop fast responsive controllers that can replant
trajectories in complex, cluttered environment in real time.
Several research works highlight the importance of
detecting and cautiously analyzing warning flags, precursors,
near-misses, and “low-level” events in order to avoid system
level break-downs, process interruptions, and/or major accidents. Therefore, organization should have enough organizational, economic, and technological resilience and flexibility
applicable in a large number of different and (un)anticipated
situations [12, 36, 37, 39, 55, 81].
As far as human performance is concerned, it is important
to understand the error itself. Some research works have
shown that both success and failure pathways apply the same
intellectual processes, and only the consequence changes. So,
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the undesired outcome qualifies an action as an error, and it is
essential to find its cause. Analyses shall find out why an event
occurred (“direct cause” related to preventive and mitigating
barriers as well as error precursors) and why it was not
stopped (“fundamental cause”). It also has to investigate the
organization and its performance (expanded fundamental
causes). Considering that it is almost impossible to determine
a true causality in complex systems, those analyses become
a difficult undertaking in a modern industrial setting. Stock
and Seliger [57] propose approaches to address the human
factor and social change in Industry 4.0. For this, these
authors propose through new technologies increasing the
efficiency of the training of the workers, as well as increasing
their intrinsic and extrinsic motivation.
4.2. Potential Approaches for Improving Human and Organizational Performance. As discussed above, the introduction of
the concept of Industry 4.0 brings numerous challenges. To
cope with those new challenges, it is necessary to implement
both a systematic return of experience (internal and external)
and a continuous improvement process and to increase organizational resilience and robustness to unexpected events.
However, increasing resilience shall be thought about wisely
in order to preserve competiveness, further development,
sustainability, and economic viability of an organization.
The organizational resilience is a developing concept.
It will not be discussed in detail here, but there are some
suggested references upon the topic [10, 34, 45, 70, 71, 82–
84]. This section presents suggestions regarding key elements
which may reinforce the organizational resilience in the
context of Industry 4.0.
4.2.1. Modeling and Measuring Human and Organizational
Performance. Understanding impacts and risks of humans
and organizations as contributors to mishaps, disruptions,
and accidents in complex systems requires an adequate
model. The model has to go further than the “simple”
approach of linearly analyzing preventive and mitigating
barriers, which provides quite narrow insights of the events.
Although some models exist [12, 39, 52, 53], these models
are not necessarily adaptive to the context of Industry 4.0
risks. Therefore, suggesting the development of methods
which will enable modeling and measuring human and
organizational performance in the context of Industry 4.0 is
a novel approach.
In this regard, it is necessary to adequately take account
of the complexity of today’s organizations as well as their
operating context. This complexity necessitates a new way
of reasoning and managing contemporary organizations. The
traditional approaches in modeling, analyzing, and management are not entirely adequate to do it, and new methods are
necessary [12, 36].
Actually, there are numerous research works suggesting
that contemporary organizations should be considered, analyzed, modeled, and managed as Complex Adaptive Systems
(CAS) or Complex Adaptive Systems of Systems (CASoS)
[12, 36, 73, 85]. This claim is particularly relevant with the
introduction of the concept of Industry 4.0. The theory of the
complexity and characteristics of CASoS are not discussed
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Figure 1: CSG metasystem functions (modified from [19]).

here in detail. It is suggested to consult relevant references on
the topic [10, 12, 36, 40, 43, 45, 49, 71, 74, 86, 87].
4.2.2. Adaptation and Introduction of the Concept of Complex System Governance (CSG) for Industry 4.0. A possible approach for dealing with complexity in organizational
setting is the application of emerging research of Complex
System Governance. Complex System Governance is an
emerging field, representing an approach to improve system
performance through purposeful execution of design for and
evolution of important metasystem roles [19, 88–90]. In this
emerging field of CSG, the main roles include evolving and
improving system performance essential functions enabling

control, communication, coordination, and integration [19].
Figure 1 is based on the research of Keating et al. [19] and
provides the overall description of the SG approach (Table 6
provides elaboration of the different functions in the CSG
model as suggested by Keating and Bradley’s [18] research). In
CSG, the “metasystem” is deliberately used to imply functions
and roles beyond the purview of individual systems in the
“system of systems” cluster [91–93]. In Table 6, individual
systems can be represented as M1. However, M1 is not listed
as the concern for CSG is as the control and communication
beyond individual systems (i.e., the metasystem level).
Keating and Bradley [18] provide the systemic representation of CSG indicated in Table 6 in which the purpose

System information

System operations

System development

System identity

Areas of concern

M2: Information and communications

M3∗: Operational performance

M3: System operations (M3)

M4’: Environmental scanning

M4∗: Learning and transformation

M4: System development

M5’: Strategic system monitoring

M5∗: System context

M5: Policy and identity

Metasystem function

Primary role
Focusing on overall steering and trajectory for the Industry 4.0 systems in the fulfillment of their missions.
Maintaining identity and balance between current and future focus.
Focusing on the specific context within which the metasystem of an industry is embedded. Context is the set of
circumstances, factors, conditions, or patterns that enable or constrain execution of systems in Industry 4.0
setting.
Focusing on oversight of the Industry 4.0 performance indicators at a strategic level. This includes identification
of performances that exceed as well as those the fail to meet the established expectations.
Developing and maintaining current and future models of systems in question within the Industry 4.0 schema
as well as concentrating on the long-range development for the industry to enable the realization of future
feasibilities.
Focusing on facilitation of learning based on correction of design errors (first order learning) in the metasystem
roles of the industry as well as planning for revolution of the industry (second order learning).
Focusing on designs, and monitoring systems that can be used to sense operating environment of the industry
to detect environmental trends, patterns, or events that can have implications on the current and future state of
the industry.
Focusing on the day to day execution of industry functions (operations)
Monitoring system performance to identify and assess aberrant conditions, exceeded thresholds, and/or
irregularities.
Creating designs and mechanisms that enable the information flow and consistent interpretation of exchanges
information and data necessary to execute industry functions.

Table 6: CSG’s overall description based on Keating and Bradley’s [18].
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is to provide an organizing construct for the interrelated
functions necessary to perform CSG. In CSG approach, the
center of any systemic intervention is people with their
strengths and weaknesses. In essence, this is recognition that
design, execution, and evolution of a systemic intervention
are accomplished by people. As such, people become the
central driving force behind systemic intervention including challenges related to machine-human interfaces. The
effectiveness in intervention must be a function of those
who design, conduct, and have participatory roles in the
intervention effort [94]. The CSG approach includes a system
mapping followed by an investigation to uncover causes of
weaknesses (i.e., pathologies) in the governance structure.
Pathology acts inhibiting system performance. While CSG
is focused on functions enabling viability of the system, it
also calls for systemic identification and assessment of system
pathologies affecting governance [75]. Interestingly, present
research suggests that solutions in the CSG paradigm might
involve going beyond technology “fixes” to include “socio”
policy, context, and environment.
Pyne et al. [85] further explore concepts, methods, and
tools that may help managers to cope with constantly increasing complexity issues. Furthermore, it is suggested that
effective problem solving in complex domains (i.e., Industry
4.0) may need different level of “more systemic” approaches
capable of matching the uncertain, complex, and dynamic
behavior characterize today’s industries. Proponents of CSG
approach suggest exploring the challenges in moving the CSG
from the theoretical/conceptual formulation to practice.
A potential area of practice is Industry 4.0. Again,
if one takes Industry 4.0 to mean the current trend of
automation and data exchange in manufacturing technologies and encompassing CPS, IoT, cloud computing, and
cognitive computing, there remains a case to be made for
the utility of CSG in the various areas of Industry 4.0.
At the onset, it appears CSG might be used to address
issues related to themes of viability, governance, control,
communication, coordination, and integration, as well as
malfunctions (pathology) that may emerge in the different
facets of Industry 4.0.
4.2.3. Benefiting from Experience of Other Industries at Risk.
Main industries at risk such as nuclear, space, aviation, and
petrochemical have developed different ways of coping with
human and organizational performance issues. Their return
of experience may be beneficial for analyzing ways to improve
it within the context of Industry 4.0. Some experience and
practices from the nuclear power industry are depicted below.
The Institute of Nuclear Power Operations (INPO) identifies key aspects to accomplish the quality in the integrated
risk management [81]. Some attributes are enumerated below:
(i) Behaviors: the expected actions for the stages of
risk management are suggested for all organizational
levels from individuals to corporate executives.
(ii) Organizational characteristics for effective integrated
risk management: a set of principles, policies, practices, oversight, and training are recommended for

achieving an all-inclusive risk management process
which is elaborated and implemented.
(iii) Integrated risk management warning flags: the warning flags aim at helping the staff and managers to
detect undesirable conditions affecting an integrated
risk management. The former are categorized by
defenses aiming at minimizing risky events. The staff
and managers should analyze them for stimulating
discussions and draw lessons.
Such an approach may help reinforcing the overall resilience
and robustness. This activity also involves a cautious analysis
of organizational factors such as incentive systems that influence human performance and impact the risk of errors [37].
This feature is also termed “Antifragility” by some researchers
[42, 95]. The antifragility puts forward an idea of adaptive
organizations with regard to complex and continuously
altering internal and external operating context. In this case,
one can suggest that internal and external complexification is
also partly due to the introduction of the concept of Industry
4.0 which sometimes may overwhelm human capacity to
grasp relevant factors in acting and decision-making. This
implies that the paradigm of “only” technological solutions
to emerging risks may be misleading especially without
consideration of role of the human and organizational factor.
For example, one becomes inclined to more risk taking
by putting undue confidence into the technology without
knowing its limits and vulnerabilities.
Therefore, improving and managing human performance
risks (including those coming from machine-human interfaces) based on the experience from the nuclear power industry may also include other elements such as the following
[48]:
(i) Frequently discuss risks, complexity, and their interdependence
(ii) Perform gap analysis between outlooks and observations of behavior
(iii) Enthusiastically lobby different opinion to avoid
deliberate carelessness (reduce cognitive and motivational biases)
(iv) Analyze and discuss past behaviors, including informal messages at the corporate level
(v) Doubt and uncertainty should not go unchallenged
(vi) Ask to demonstrate that a system is appropriately safe
to function or not sufficiently unsafe to be shut down
(vii) Be cautious regarding findings from a root cause
investigation that one points out to the negligence; in
this case, only part of the story has been exposed
(viii) Enlarge the scope of defense-in-depth concept to
embrace the concept of complex systems and their
intrinsic nonlinearity

5. Conclusions
Undoubtedly, Industry 4.0 brings numerous advantages.
However, this paradigm also carries emerging risks and
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challenges related to organizational and human performance.
These emerging risks include both industrial risks and
occupational risks. Arguably, human factor is the main
link between industrial emerging risks and occupational
emerging risks in the Industry 4.0 context.
Addressing these issues calls for effectiveness in dealing
with traditional static approach to risk, for example, through
the development of dynamic risk management models oriented towards the organizational and human performance.
However, there is also a need to develop robust approaches
capable of dealing with emerging risks associated with Industry 4.0. In this research, Complex System Governance is
suggested.
However, there remains a need for case applications,
clearly articulating the potential of such approaches. Moreover, there is no need to be limited to such approaches as
Complex System Governance. This research can be extended
to include technological approaches such as Blockchain
Technology and the discovery of deep systemic pathological
issues affecting Industry 4.0.
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A problem-specific routing algorithm integrating ant colony optimization (ACO) and integer-coded genetic algorithm (GA) is
developed to address the newly observed limitations imposed by ultranarrow aisles and access restriction, which exist in the largest
e-commerce enterprise with self-run logistics in China. Those limitations prohibit pickers from walking through the whole aisle,
and the access restriction even allows them to access the pick aisles only from specific entrances. The ant colony optimization is
mainly responsible for generating the initial chromosomes for the genetic algorithm, which then searches the near-optimal solutions
of picker-routing with our novel chromosome design by recording the detailed information of access modes and subaisles. To
demonstrate the merits of the proposed algorithm, a comprehensive simulation for comparison is conducted with 12 warehouse
layouts with real order information. The simulation results show that the proposed hybrid algorithm is superior to dedicated
heuristics in terms of solution quality. The impacts of the parameters with respect to warehouse layout on the picking efficiency are
analyzed as well. Setting more connect aisles and cross aisles is suggested to effectively optimize the picking-service efficiency in
the presence of access limitations.

1. Introduction
For most e-commerce enterprises or online distributors, a
well-designed order-picking strategy (from warehouse location [1] to routing method [2]) can promote the efficiency of
the entire supply chain [3]. Given the advent of e-commerce,
the significance of order-picking has grown [4, 5]. Therefore,
we concentrate on a picker-routing problem based on the
observation in a Chinese e-commerce enterprise.
The order service time is one of the main performance
measurements of warehouse systems. In a picker-to-parts
warehouse, Petersen [6] pointed out that service time can
be represented as a positive correlation function of one
picker’s travel distance. Accordingly, an appropriate routing method that identifies the shortest picking route can
minimize the order service time and therefore improve the
picking efficiency. One alternative option that is capable of

reducing warehouse management costs is to increase the
space utilization, which is typically made by warehouse
owners to minimize the pick aisles’ width, culminating in
the widespread adoption of the narrow-parallel aisles in
picker-to-parts warehouses. In a narrow-aisle warehouse with
multiple order pickers, congestions may happen [7].
Recently, we observed an interesting warehouse system
with ultranarrow aisles in a realistic Chinese online retailer
with self-run logistics, D Company, meaning that the pick
aisles’ widths are narrowed further, relative to the aforementioned narrow aisles. The ultranarrow aisles impede order
pickers to enter while pushing their picking carts. They
should deposit their carts at the entrance. When all the picks
are finished, they should walk out the aisles to get their carts.
The connect aisles and cross aisles, which are located in the
warehouse, allow the pickers to change working aisle, because
the width of them is sufficient for walking with carts, as shown
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Figure 1: Order picking in the ultranarrow aisles.

in Figure 1. For such a warehouse, there is little utility for
existing routing methods that permit the order pickers to
walk through the whole pick aisles. Additionally, constraints
in physical space lead to access restrictions. For example, the
racks that are located in the front of a warehouse system may
be placed against the front wall; order pickers can only access
these aisles through the back entrances. To promote the ecommerce boom, this paper aims to propose efficient routing
methods for the warehouses taking both ultranarrow aisles
and access restriction into consideration.
We propose a method by integrating ant colony optimization (ACO) and genetic algorithm (GA), which is named
as AGNA (hybrid ACO and GA for ultranarrow aisles and
access restriction). The novelties of AGNA are as follows.
Firstly, to avoid traversing aisles, all the aisles with picks
are restricted to be visited by specified access modes, and
the access mode will map the picks at the certain entrances.
Secondly, to deal with the unique characteristics induced by
access restriction, the mechanism of determining the feasible
travel routes between designated entrances is embedded
in AGNA. Thirdly, to improve the convergence speed and
performance of the routing method, ACO is responsible
for generating the initial chromosome for GA, and the
integer-coded GA is designed to search the near-optimal
solutions mainly through our novel chromosome design that
represents all the access modes for all the aisles with picks. To
validate the effectiveness of the improved routing method, a
comprehensive simulation study was performed with the data
collected from the aforementioned D company. Meanwhile,
the impact of the warehouse layout is elucidated. We found
that the AGNA method can be readily deployed in different
warehouse-layout scenarios due to its flexibility.

The main contributions of this research lie in the following aspects. Firstly, we developed a hybrid AGNA-based
routing method to address the methodological challenges for
the warehouses with ultranarrow aisles and access restriction.
To cope with the unique characteristics of routing problem
in this kind of warehouses, many innovative mechanisms
with respect to feasibility judgment and chromosome coding
are significantly incorporated in our hybrid AGNA-based
algorithm. Secondly, with the real data of customer order
information and warehouse configuration collected from the
D company, a simulation study is employed to show the
effectiveness and efficacies of the proposed method. The
negative impacts brought by new features are analyzed as well.
The remainder of this paper is arranged as follows.
Section 2 presents a review of the related literature and
introduces some existing dedicated heuristics for singleblock warehouses. Some of these heuristics can be applied
in the warehouse concerned in this paper after improvement, and the modified heuristics are compared with our
designed AGNA method. In Section 3, the optimization
model tailored to the concerned routing problem in the
warehouse is defined. The AGNA is presented in Section 4.
A comprehensive simulation is implemented to validate the
efficiency of the proposed method in Section 5. Finally, the
paper is concluded in Section 6 and our ongoing research
topics are introduced as well.

2. Literature Review
The literature closely related to our research can be grouped
into two main streams: one is the impact of aisles width,
which constitutes a key feature in our research, while the
other is the picker-routing problem. In the following, we will
review these two streams of literature separately.
2.1. The Impact of Aisle Width. Reducing the pick aisles’
width is an alternative to enlarge the space utilization [7].
Nevertheless, narrow aisles lead to more frequent congestion.
In this regard, by changing the ratio of the pick : walktime, analytical models to assess the order picker congestion
(blocking) in both narrow-aisle and wide-aisle warehouses
are developed by Parikh and Meller [8, 9]. Hong et al. [10]
proposed a batching method in warehouses with narrow
aisle. Similarly, Chen et al. [11, 12] introduced some routing
methods for narrow-aisle warehouses with the consideration
of congestion.
Most of the previous literature primarily considers the
traditional wide-aisle or narrow-aisle warehouse systems.
Although Chen et al. [13] proposed a set of heuristic routing
methods for the ultranarrow aisle warehouse system with
consideration of access restriction, these heuristics are developed on the existing methods for basic warehouse layout.
These methods have the advantage in the ease of implementation. Nevertheless, they can deviate from the optimal
solutions seriously, which further increase operational costs.
To this end, to get a better optimization effect on picking
efficiency, we concentrate on designing a judicious routing
method based on metaheuristics.
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2.2. Routing Method. We can divide all the existing routing
methods in the related literature into two groups: dedicated
heuristics and metaheuristics. The dedicated heuristics have
found prevalent application for order picking, given the
ease of their deployment [14–16]. In the existing dedicated
heuristics, only the Largest Gap and Return methods forbid
the order pickers from traversing the subaisles for most
situations, as shown in Figure 2. However, these two methods
cannot be readily deployed in the warehouse system concerned in this paper. For example, the Largest Gap method
requests the order pickers to walk through the first aisle with
picks to reach the back of the block.
For more complicated environments, metaheuristics are
more suitable [17–19]. Except for generating picking routes
in complicated environments such as multiple-order pickers
[12], much of the relevant literature has focused on designing
integrated solutions for both order-batching and pickerrouting [20–22]. Although many metaheuristics have been
presented, such as Particle Swarm Optimization [23] and
Simulated Annealing [24], ACO is the most popular for the
picker-routing problem [25–27]. To design the picking route
for the warehouse of interest in our research, we design a
routing method by integrating ACO and GA. This integrated
method can dynamically control the invocation time of
both ACO and GA and improve the convergence speed and
performance of the algorithm.

3. Problem Definition
3.1. Warehouse Conﬁguration and Assumption. The related
literature [4, 28] and practice focus commonly on a multipleblock picker-to-parts warehouse, which is concerned in our
paper as well, as shown in Figure 3. The main difference of
our research is that the widths of all the parallel pick aisles
are assumed to be ultranarrow. Additionally, some aisles may
have access restriction on designated entrances. The CAs
(cross aisles) are located in the front-back direction. Likewise,
there are CNA (connect aisles) in the left-right direction. The
widths of CA and CNA are sufficient to permit order pickers
walking with their picking carts, which allows order pickers
to change working aisles. The cross point is the intersection
between a CA and a CNA. The warehouse is divided into
multiple blocks (B) by these CAs and CNAs in front-back and
left-right directions. Each single pick aisle is also divided into
a number of subaisles (S).
A Row contains the blocks arranged in the left-right
direction, and correspondingly a Column refers to those in
the front-back direction. For an S, 𝐸𝑓 and 𝐸𝑏 indicate the
front entrance and back entrance, respectively. For a single
block, there are two adjacent CAs, one is 𝐶𝐴 𝑓 (front cross
aisle), and the other is 𝐶𝐴 𝑏 (back cross aisle). For an order
picker, the working cross aisle is denoted as 𝐶𝐴 𝑐 (current
cross aisle). To describe a route from one subaisle to another,
𝑆𝑏 (Begin Subaisle) denotes the subaisle where the order
picker begins, and 𝑆𝑡 (Target Subaisle) denotes the subaisle
which the order picker is going to visit. Moreover, the front
entrances of 𝑆𝑏 and 𝑆𝑡 are 𝐸𝑏𝑓 and 𝐸𝑡𝑓 , respectively, and
their back entrances are 𝐸𝑏𝑏 and 𝐸𝑡𝑏 , respectively. Given this
layout, some assumptions are noteworthy. Firstly, in such a
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warehouse, the two-sided picking policy is chosen by the
order pickers [29]. Meanwhile, we ignore the time cost on
reaching the different layers and sides of shelves.
In the warehouse of e-commerce enterprise, the dynamic
arrival of customers’ orders means that we can composite all
the orders into batches depending only on their arrival time.
We assume that the warehouse adopts random-storage policy
[30]. We impose restriction on the capacity of picking carts
to avoid overload [31], and the picker congestion is ignored.
For simplicity, we ignore the difference in the order pickers’
walking speed and the time of finishing a picking task is
assumed to be constant [32, 33]. The order pickers have no
constraint and can change walking direction in any aisles
[34]. The picking operation begins and finishes at the depot,
where the operating time is ignored in this paper.
3.2. Routing Model. According to the Largest Gap and Return
methods, to avoid traversing and deal with the access restriction, the most effective picking solution for each subaisle
with picks can be illustrated by three access modes: Frontreturn, Back-return, and Gap-return (as shown in Figure 4).
The Front-return mode inquires the order pickers to walk
into and depart from a subaisle through the front entrance
after visiting all the picks. Correspondingly, in the Backreturn mode, the order pickers only use the back entrance
for both entry and departure. In the Gap-return mode, the
order pickers enter a pick aisle but make a U-turn at the
largest gap. The order pickers may have to visit the subaisle
twice: once by 𝐸𝑓 and another by 𝐸𝑏 . Because the largest
gap may cut the subaisle into two parts, this implies that the
Gap-return mode corresponds to two access modes: accessing
the front part and the back part. The Gap-return mode does
not necessitate the order pickers to visit the remaining part
immediately after they finish one part of a subaisle. Once the
access mode is determined for a subaisle, the picking route
in this subaisle is determined as well, and the picks therein
will be mapped to the entrance which should be visited by
the order pickers. The Front-return mode will map all the
picks to 𝐸𝑓 , the Back-return mode will map all the picks
to 𝐸𝑏 , and the Gap-return mode will map the picks to 𝐸𝑓
and 𝐸𝑏 , respectively. Then, routing methods only need to
find a satisfactory moving route passing all the entrances
with mapped picks. Finally, an integrated route is generated
by combining this moving route and the picking routes in
subaisles with picks. Consequently, the routing problem can
be equivalently expressed by determining the best access
modes and finding the best visiting sequence for all the
subaisles with picks.
Based on the assumptions and the access modes aforementioned, the objective is to minimize the total travel
distance of serving a batch. Then, we can formulate a 0-1
integer linear optimization model.
Indices and Sets
Ω: Set of subaisles with picks and the depot
𝑖, 𝑗 ∈ Ω: Indexes of subaisles with picks and depot, in
which 𝑖 = 0 means the depot
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𝑟 ∈ R𝑖,𝑗 : Index of the feasible moving routes from
subaisles 𝑖 to 𝑗
M𝑗 : Set of the feasible access modes of subaisle 𝑗
𝑚 ∈ M𝑗 : Index of the feasible access modes of subaisle
𝑗
Parameters and Sets
Front-return

Back-return

Gap-return

Figure 4: Access modes for subaisles with picks.

R𝑖,𝑗 : Set of the feasible moving routes from subaisles 𝑖
to 𝑗

D𝑖𝑗 : Set of the moving distances of the feasible moving
routes from subaisles 𝑖 to 𝑗
𝑑𝑖𝑗𝑟 ∈ D𝑖𝑗 : Moving distance of the 𝑟𝑡ℎ feasible moving
route from subaisles 𝑖 to 𝑗
D 𝑗 : Set of the picking distances of the feasible access
modes of subaisle 𝑗

Complexity

5


𝑑𝑗𝑚
∈ D 𝑗 : Picking distance of the 𝑚𝑡ℎ feasible access
mode of subaisle 𝑗

Decision Variables
𝑥𝑖𝑗 : Binary decision that equals 1 (𝑥𝑖𝑗 = 1) means that
subaisle 𝑖 is visited directly after subaisle 𝑗
𝑦𝑖𝑗𝑟 : Binary decision that equals 1 (𝑦𝑖𝑗𝑟 = 1) means that
the 𝑟𝑡ℎ feasible moving route is selected to move from
subaisles 𝑖 to 𝑗
𝑧𝑗𝑚 : Binary decision that equals 1 (𝑧𝑗𝑚 = 1) means
that the 𝑚𝑡ℎ feasible access mode is selected to visit
subaisle 𝑖 to 𝑗
Model Formulation
}
{
min { ∑ ∑ 𝑥𝑖𝑗 ( ∑ 𝑦𝑖𝑗𝑟 𝑑𝑖𝑗𝑟 + ∑ 𝑧𝑗𝑚 𝑑 𝑗𝑚 )}
𝑚∈M𝑗
𝑘∈T𝑖𝑗
}
{𝑖∈Ω 𝑗∈Ω

(1)

subject to
∑ 𝑦𝑖𝑗𝑟 = 1,

∀𝑖, 𝑗 ∈ Ω

𝑟∈R𝑖𝑗

subaisles in this block. Moreover, the choice of the access
mode will affect the moving route between subaisles. For
example, if the Front-return mode is selected for both 𝑆𝑏
and 𝑆𝑡 , the order pickers will have to enter and leave these
subaisles by 𝐸𝑏𝑓 and 𝐸𝑡𝑓 , signifying that the moving route
between 𝑆𝑏 and 𝑆𝑡 must pass 𝐸𝑏𝑓 and 𝐸𝑡𝑓 .
Generally, there is an interaction between the values of
𝑍𝑗𝑚 and 𝑦𝑖𝑗𝑟 . Before the routing-construction begins, for each
subaisle, we can just get a set of the “selectable” access modes
and the corresponding detailed picking routes for these
access modes are also contingent upon the access restriction
constraint. The set of the “selectable” moving routes between
any two subaisles can be confirmed in this stage as well.
When the order picker chooses the access mode for 𝑆𝑡 ,
by extracting from the set of the “selectable” moving routes,
we can determine the set of feasible moving routes between
𝑆𝑏 and 𝑆𝑡 . The access mode of the current 𝑆𝑡 will also affect
the choice of the moving route from the current 𝑆𝑡 to the
next 𝑆𝑡 , once the access mode of the next 𝑆𝑡 is determined.
Due to the aforementioned characteristics, the accurate set
of D𝑖𝑗 can not be determined prior to the selection of optimal
routing solutions. Thus, our problem cannot be solved simply
by optimization solvers, such as Lingo and CPLEX, which
motivates us to design metaheuristic-based routing methods.

(2)

4. Solution Methods

∑ 𝑧𝑗𝑚 = 1,

∀𝑗 ∈ Ω

𝑚∈M𝑗

(3)

𝑥𝑖𝑗 ∈ {0, 1} ,

∀𝑖, 𝑗 ∈ Ω

(4)

𝑦𝑖𝑗𝑟 ∈ {0, 1} ,

∀𝑖, 𝑗 ∈ Ω, ∀𝑟 ∈ R𝑖𝑗

(5)

𝑧𝑗𝑚 ∈ {0, 1} ,

∀𝑗 ≠ 0 ∈ Ω, ∀𝑚 ∈ M𝑗

(6)

Function (1) is the objective function that minimizes the
total travel distance of serving a batch. Constraint (2) ensures
that only one moving route is selected when the order pickers
move from subaisle 𝑖 to 𝑗. Constraint (3) ensures that each
subaisle selects only one access mode. Constraints (4) to (6)
define the variable domains.
The routing model differs from the basic picker-routing
problem, which can be defined as the Steiner-TSP (Steiner
Travelling Salesman Problem) [14]. All the cities (subaisles)
in the TSP need to be visited only once. However, if a subaisle
(city) chooses the Gap-return mode, the order pickers may
visit this subaisle twice: once by 𝐸𝑓 and another time by 𝐸𝑏 .
For our model, this removes the necessity for the common
constraint in TSP that each subaisle (city) has exact only
one predecessor and successor. Besides, when the Gap-return
mode is determined for a subaisle and the order pickers
are required to visit 𝐸𝑓 immediately after 𝐸𝑏 , the common
constraint in TSP that there is only a single tour is likewise
rendered unnecessary for our model.
Furthermore, the impact of access restriction cannot be
incorporated into the model. When the selected blocks have
access restriction, some access modes will become infeasible
for the subaisles. For example, if 𝐶𝐴 𝑓 of a block has access
restriction, only the Back-return mode may be chosen for the

In this section, a hybrid algorithm integrating ACO (ant
colony optimization) and integer-coded GA (genetic algorithm) is developed to deal with the specified routing problem. On one hand, the ACO generates the initial chromosome
for the integer-coded GA during the initialization. This structure can not only dynamically control the invocation time
of both the GA and ACO but also improve the convergence
speed and performance of the algorithm. On the other hand,
the integer-coded GA searches a near-optimal solution for
picker-routing. The total travel distance of serving a batch
could be defined as the fitness values of the integer-coded
chromosomes obtained from the GA.
4.1. Distance Initialization. For different access modes of one
subaisle, the corresponding picking distances and picking
routes differ from each other. Similarly, the moving route
and moving distance between 𝑆𝑏 and 𝑆𝑡 are also affected by
their access modes. The access mode for a subaisle can be
determined only when this subaisle is chosen as 𝑆𝑡 . After that,
its picking route and moving route can be correspondingly
confirmed. To represent the routing problem as a combination optimization problem manageable by the AGNA,
all the picking routes in subaisles and the moving routes
between any two subaisles for different access modes should
be recorded during the initialization.
For a subaisle, each access mode will determine the corresponding picking route and picking distance. This applies
especially to the Gap-return mode, in which the front and
the back parts lead to different picking routes and picking
distances. This means that, for each subaisle without access
restriction, four kinds of picking routes are usually available:
for the Front-return mode, for the Back-return mode, for the
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front part of the Gap-return mode, and for the back part of the
Gap-return mode. In the initialization, all the corresponding
picking routes and picking distances will be calculated and
recorded as the input for the routing method.
Moreover, there are four cases of the moving route and
moving distance between 𝑆𝑏 and 𝑆𝑡 , which are affected by the
access modes of 𝑆𝑏 and 𝑆𝑡 .
Case 1. The Front-return mode is chosen for both 𝑆𝑏 and 𝑆𝑡 ,
or the Gap-return mode is chosen for both of them, in which
only the front part of 𝑆𝑏 is completed and the front part of 𝑆𝑡
needs to be visited. Then, the moving route will start from 𝐸𝑏𝑓
and end at 𝐸𝑡𝑓 .
Case 2. The Front-return mode is chosen for 𝑆𝑏 , or the
Gap-return mode is chosen, in which only the front part is
completed. Conversely, the Back-return mode is chosen for 𝑆𝑡 ,
or the Gap-return mode is chosen, in which only the back part
needs to be visited. Then, the moving route will start from 𝐸𝑏𝑓
and end at 𝐸𝑡𝑏 .
Case 3. The Back-return mode is chosen for 𝑆𝑏 , or the Gapreturn mode is chosen, in which only the back part is
completed. Conversely, the Front-return mode is chosen for
𝑆𝑡 , or the Gap-return mode is chosen, in which only the front
part needs to be visited. Then, the moving route will start
from 𝐸𝑏𝑏 and end at 𝐸𝑡𝑓 .
Case 4. The Back-return mode is chosen for both 𝑆𝑏 and 𝑆𝑡 ,
or the Gap-return mode is chosen for both of them, in which
only the back part of 𝑆𝑏 is completed and the back part of 𝑆𝑡
needs to be visited. Then, the moving route will start from 𝐸𝑏𝑏
and end at 𝐸𝑡𝑏 .
It deserves attention that the moving route and its
moving distance between 𝑆𝑏 and 𝑆𝑡 still need to be computed
for each case. The moving distance is usually calculated
by the path between any two designated entrances with
the Manhattan distance (Theys et al., 2010). However, the
Manhattan distance cannot fully satisfy the layout with
the ultranarrow aisles. According to the diversified spatial
relationship between the designated entrances of 𝑆𝑏 and
𝑆𝑡 , as shown in Figure 5, the detailed definitions of the
moving route and moving distance are described as follows
[13].
(i) Entrances in the Same CA. The order pickers can walk
directly from the designated entrance of 𝑆𝑏 to the designated
entrance of 𝑆𝑡 ; see Route ‚ shown in Figure 5.
(ii) Entrances in Diﬀerent CAs but in the Same Column.
Usually, two optional moving routes between the designated
entrance of 𝑆𝑏 and the designated entrance of 𝑆𝑡 are available
to the order pickers. For simplicity, the shorter one is chosen;
refer to Route ƒ shown in Figure 5.
(iii) Entrances in Diﬀerent Columns. The order pickers walk
along 𝐶𝐴 𝑐 by leaving 𝑆𝑏 from the chosen entrance, until
getting to the CNA adjacent to the CA which the chosen
entrance of 𝑆𝑡 belongs to. Then, after setting this 𝐶𝐴 as 𝐶𝐴 𝑐 ,

c

b

a

Figure 5: The definition rules of the moving routes.

the order pickers walk along 𝐶𝐴 𝑐 and enter 𝑆𝑡 ; see Route D
shown in Figure 5.
All the moving routes and picking routes with respect
to different access modes and their distances are recorded
and will be used for route construction and fitness-value
evaluation. If some access modes are infeasible due to access
restriction, the related picking distance and moving distance
will be recorded as infinity.
4.2. ACO-Based Chromosome Initialization. Based on the
initialized distances, the ACO is employed to initialize the
population of the routing chromosomes. We assume that
the ant colony contains 𝑁(𝑁 ≥ 2) ants, which denote the
order pickers. The ant finds 𝑆𝑡 from the unfinished subaisles
and determines the access mode of 𝑆𝑡 . Next, it records the
moving distance from 𝑆𝑏 to 𝑆𝑡 and the picking distance in
𝑆𝑡 . When all the subaisles are finished, the ant will walk back
to the depot. Then, 𝐿, the total travel distance, is composed
by all the selected picking distances and moving distances,
which will be seemed as the evaluation criterion. Before the
ACO starts, the initial value of the pheromone is calculated
by
𝜏𝑖𝑗𝑟 (0) =

1

 
∑𝑖∈Ω ∑𝑗∈Ω D𝑖𝑗 

(7)

where 𝜏𝑖𝑗𝑟 (0) is the pheromone concentration in the 𝑟𝑡ℎ
feasible moving route from subaisle 𝑖 to 𝑗 at time 0 and
∑𝑖∈Ω ∑𝑗∈Ω |D𝑖𝑗 | is the sum of the number of feasible moving
routes among all the subaisles to be visited by the ants or order
pickers.
Each ant chooses 𝑆𝑡 and determines the moving route
randomly depending on the transition probability 𝑝𝑖𝑗𝑟 (𝑡) that
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subaisle 𝑗 will be visited immediately after finishing subaisle
𝑖 at time 𝑡 by the 𝑟𝑡ℎ moving route, which is represented as
𝛼

𝛽

[𝜏𝑖𝑗𝑟 (𝑡)] [𝜂𝑖𝑗𝑟 ]
{
{
{
,
𝑝𝑖𝑗𝑟 (𝑡) = { ∑ [𝜏 (𝑡)]𝛼 [𝜂 ]𝛽
{
𝑖𝑗𝑟
𝑖𝑗𝑟
𝑗∈U
{
{0,

if 𝑗 ∈ U,

(8)

otherwise,

where 𝜏𝑖𝑗𝑟 (𝑡) is the pheromone concentration on the 𝑟𝑡ℎ
moving route from subaisle 𝑖 to 𝑗 at time 𝑡, 𝜂𝑖𝑗𝑟 measures the
visibility on this route, and U is the set of unfinished subaisles.
The value of 𝜂𝑖𝑗𝑟 is usually defined as the reciprocal of the sum
of the moving distance of the 𝑟𝑡ℎ moving route from subaisle
𝑖 to 𝑗 and the corresponding picking distances in subaisles 𝑖
and 𝑗. The definition of the transition probability leads to high
superiority to the shortest travel and picking route, and 𝜏𝑖𝑗𝑟 (𝑡)
impels the familiar moving route and picking route is chosen
by these ants. It is well recognized that the parameters 𝛼 and
𝛽 coordinate the relative importance between the pheromone

concentration and the route visibility (𝛼 ≥ 1, 𝛽 ≥ 1). Usually,
𝛼 and 𝛽 are valued according to the former observation.
When all the ants complete their picking tasks, the
pheromone concentration on all the routes is updated by
𝜏𝑖𝑗𝑟 (𝑡 + 1) = (1 − 𝜌) 𝜏𝑖𝑗𝑟 (𝑡) + Δ𝜏𝑖𝑗𝑟 (𝑡, 𝑡 + 1)

(9)

where 𝜌 is the recession parameter of the pheromone concentration (0 < 𝜌 < 1). Δ𝜏𝑖𝑗𝑟 (𝑡, 𝑡 + 1) is the alteration of
the pheromone concentration laid on moving route 𝑟 from
subaisle 𝑖 to subaisle 𝑗 between times 𝑡 and 𝑡+1, as determined
by
𝑁

𝑛
Δ𝜏𝑖𝑗𝑟 (𝑡, 𝑡 + 1) = ∑ Δ𝜏𝑖𝑗𝑟
(𝑡, 𝑡 + 1)

(10)

𝑛=1

𝑛
(𝑡, 𝑡 + 1) is the pheromone concentration left on
where Δ𝜏𝑖𝑗𝑟

the route 𝑟 from subaisles 𝑖 to 𝑗 by the 𝑛𝑡ℎ ant from times 𝑡 to
𝑡 + 1, which is defined by

𝑛
Δ𝜏𝑖𝑗𝑟
(𝑡, 𝑡 + 1)

1
{ ,
= { 𝐿𝑛
{0,

if the 𝑛𝑡ℎ ant chooses the 𝑟𝑡ℎ route to move f rom sub-aisle 𝑖 to sub-aisle 𝑗 between times 𝑡 and 𝑡 + 1,

(11)

otherwise,

where 𝐿 𝑛 means the total travel distance of the picking route
completed by the 𝑛𝑡ℎ ant.
When all the ants complete the trips, some solutions will
be saved in a queue (Q). If a new solution outside the queue
but better than the worst solution in the queue is found, it will
replace that worst solution in the queue. The ACO will stop
after the iterations equal the predetermined number. When it
terminates, the solutions saved in the queue will be used in
the initialization of chromosomes in the integer-coded GA.
4.3. Integer-Coded Genetic Algorithm (GA)
4.3.1. Chromosomal Representation and Initial-Population
Generation. During the route construction process by ACO,
the order pickers choose 𝑆𝑡 first and then decide the access
mode. The unselected access modes of 𝑆𝑡 may be ignored
easily in the later iterations. To avoid converging to local
optimum, the integer-coded GA generates the near-optimal
solutions by searching the access modes and the visiting
sequence of all the subaisles with picks. The value of each gene
in a chromosome not only records the visiting sequence of a
certain subaisle but also determines the access mode of this
subaisle. In our algorithm, if a gene is associated with the 𝑖𝑡ℎ
subaisle and the 𝑚𝑡ℎ mode, the value of this gene is defined as
2𝑖−1 ∗ 3𝑚−1 . As is corresponding to all the access modes, we
set 𝑚 = 1 as the Front-return mode, 𝑚 = 2 as the Back-return
mode, 𝑚 = 3 as accessing the front part by the Gap-return
mode, and 𝑚 = 4 as accessing the front part by the Gap-return

mode. Consequently, this value formula helps us identify the
unique subaisle and access mode for each gene.
It is noteworthy that although the ACO has already generated a visiting sequence passing all the subaisles with feasible
access modes, this solution may be insufficiently effective and
ignores other unselected access modes. The chromosomal
representation should include all the subaisles and all the
access modes for them, and the length of chromosome will
be ∑𝑖∈Ω |M𝑖 |. Therefore, the solution of ACO can be used as
the encoding basis for the first few genes, and the remaining
genes of the chromosome will be supplemented by random
encoding. Figure 6 illustrates an example of the integercoded chromosomal representation including four subaisles
without access restriction, which means that the length of
the chromosome is 16. The solutions generated by ACO are
sequentially represented as {𝑖 = 1, 𝑚 = 4}, {𝑖 = 4, 𝑚 = 1},
{𝑖 = 2, 𝑚 = 3}, {𝑖 = 3, 𝑚 = 2}, {𝑖 = 2, 𝑚 = 4}, and
{𝑖 = 1, 𝑚 = 3}. Such sequential representation implies visits
to all the subaisles with picks by the following sequence:
(1) accessing the back part of the 1𝑠𝑡 subaisle by the Gapreturn mode; (2) accessing the 4𝑡ℎ subaisle by the Front-return
mode; (3) accessing the front part of the 2𝑛𝑑 subaisle by the
Gap-return mode; (4) accessing the 3𝑟𝑑 subaisle by the Backreturn mode; (5) accessing the back part of the 2𝑛𝑑 subaisle
by the Gap-return mode; and (6) accessing the front part
of the 1𝑠𝑡 subaisle by the Gap-return mode. Hence, in the
chromosomal initialization, the first six genes will be valued
as 27, 8, 18, 12, 54, and 9, whereas the remaining 10 genes will
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i=1, m=4

27

8

i=4, m=1

i=2, m=3

18

12

i=3, m=2

i=2, m=4

54

9

i=1, m=3

i=4, m=4

216

4

i=3, m=1

The efficient genes based on ACO encoding

i=1, m=2

i=4, m=3

i=4, m=2

i=1, m=1

3

72

24

1

6

i=2, m=2

108

i=3, m=4

36

i=3, m=3

2

i=2, m=1

The supplement genes based on random encoding

Figure 6: The illustration of integer-coding.

be randomly coded to cover the unselected access modes for
further optimization.
The population of chromosome is 𝑃. When the encoding
is finished for all the chromosomes, the crossover and
mutation operation will begin.
4.3.2. Fitness Value Evaluation. The total travel distances of
all the integer-coded chromosomes are chosen as their fitness
values. Because each chromosome contains all the access
modes for each subaisle with picks, not all the genes need
to be calculated in the evaluation of the fitness values. For
example, if the 𝑖𝑡ℎ subaisle has already been indicated by a
former gene to choose the Front-return mode, the remaining
genes that indicate the 𝑖𝑡ℎ subaisle to be accessed by other
modes will be excluded. During the chromosomal decoding,
the value of each gene should be validated to avoid any
repeated or missed visits to the subaisles. If the subaisle is
unfinished and the access mode is feasible, the gene will pass
the validation and be calculated in the fitness values. The
procedure of validation for each gene can be described as in
Figure 7.
The calculation of the total travel distance of each chromosome is described as follows.
Step 1. Set 𝐿 = 0 and 𝑆𝑏 = 𝑆0 to signify that the order pickers
start from the depot.
Step 2. Get the next gene.
Step 3. Decode the gene to get the subaisle and the access
mode.
Step 4. If the subaisle 𝑖 and access mode 𝑚 pass the validation,
set 𝑆𝑡 = 𝑆𝑖 ; then proceed to Step 5; otherwise, go back to Step
2.
Step 5. Based on the access modes of 𝑆𝑏 and 𝑆𝑡 , determine the
moving route 𝑟 from 𝑆𝑏 to 𝑆𝑡 . Get the moving distance 𝑑𝑏𝑡𝑟 and


; then set 𝐿 = 𝐿+𝑑𝑏𝑡𝑟 +𝑑𝑡𝑟
and 𝑆𝑏 = 𝑆𝑡 .
the picking distance 𝑑𝑡𝑟
Step 6. If all the subaisles are finished, go on with Step 7;
otherwise, revert to Step 2.

Step 7. Return to the depot and determine the moving route
𝑟; set 𝑆𝑡 = 𝑆0 and 𝐿 = 𝐿 + 𝑑𝑏𝑡𝑟 .
Step 8. The reciprocal value of 𝐿 is the fitness value of this
solution.
Step 9. If 𝐿 is associated with a better fitness value than that
of the near-optimal solution so far in the last population
generation, set 𝐿 𝑛𝑒𝑎𝑟−𝑜𝑝𝑡𝑖𝑚𝑎𝑙 = 𝐿.
4.3.3. Crossover and Mutation. The designating parents for
the undergoing crossover and mutation are adopted by the
approach of proportional selection. In this approach, the parents are selected randomly. However, the parents with higher
fitness values tend to be selected with higher probability.
Because the genes in the front of a chromosome are more
likely to be calculated in the fitness value, the effective genes
should be included in the crossover and mutation. To improve
the evolutionary speed, the Four-Point Crossover method is
adopted to create new offspring. Four segmentations with
equal lengths are determined; the second and fourth gene
segmentations are selected in crossover operation. Then, we
use the Order Crossover in the Legality Repair. Figure 8(a)
illustrates the crossover operation.
The mutation operation guarantees the diversity and
avoids premature convergence. SBM (Swap-based mutation)
− which selects two random elements (one from the first third
part of the chromosome and the other from the remaining
part) and exchanges their positions − is applied to generate
the offspring. Figure 8(b) illustrates these mutation operators.

4.4. Stopping Criteria. The GA algorithm terminates in two
situations. The first one is as follows: once the iterations
reaches a predetermined number of generations 𝐺, the GA
will terminate. The second criteria is that the GA will
terminate if the best solution remains the same for a fixed
number of generations 𝑒𝑝. The same criteria can be seen in
the ACO part, and the corresponding parameters are 𝐼 and
𝐶, respectively. Figure 9 describes the overall procedure of
AGNA.
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our hybrid AGNA method with the dedicated heuristics, we
also improved the basic Return and Largest Gap methods
to adapt to the warehouse concerned in this paper, which,
respectively, are named as the RNA (Return for ultranarrow
aisles and access restriction) and LNA (Largest Gap for
ultranarrow aisles and access restriction). For the RNA and
LNA, each subaisle with picks also needs to choose access
mode. The RNA has the Front-return and Back-return modes,
and LNA has the Front-return, Back-return, and Gap-return
modes. The procedures of RNA and LNA are described as
follows [13].

Start

Gene decoding, get the values of i and m

Has the sub-aisle been decoded before?
N

Y
Has the sub-aisle been accessed by
the Gap-return mode already?

N

Step 1. Sort and index all the CAs progressively in the
Columns and then in the Rows.

Y
Is m=3 or 4?
N
Y

Step 2. Choose feasible access modes with the shortest
picking distance for all the subaisles with picks. Then, the
picks will be mapped to the designated entrances.

The current gene passes the validation

The current gene does not pass the validation

Finish

Figure 7: The procedure of validation for each single gene.

5. Experimental Study
5.1. Experimental Design. We conduct a comprehensive
experiment to evaluate the effectiveness of the proposed
method, which contains 12 kinds of warehouse layout scenarios extracted from a realistic warehouse system in D company,
as shown in Figure 10. The detailed configuration parameters
are shown in Table 1, which is referred to Chen et al. [13].
There are usually at least 11 aisles in every single block.
For each single subaisle, the minimum number of storage
locations is 384. The average length and width of each single
subaisle are 12.048 m and 0.8 m, respectively. For each single
shelf, the average width is 0.7 m. Furthermore, the average
widths of each single CNA and CA are 3.64 m and 3.3 m,
respectively.
5.2. Experimental Results. The simulation is input with the
realistic order information over one month in this aforementioned warehouse. For all the scenarios, at least 547,754 orders
arrived in this month. The order information only contains
the designated storage locations, without other customerrelated information. According to the practical situation, we
restrict each picking cart to carry 60 items at most. Besides,
there are usually only 1 to 2 items in an online customer
order. To maximize the utilization of picking cart, orders are
combined into batches. In this online warehouse, we use the
Variable Time-Window Batching rule, also known as FirstCome-First-Served, to composite all the orders into batches
according to their arrival time. After the batching operation,
13,060 batches are generated. There are 1,165 picking tasks at
least assigned to the scenario with single block. To compare

Step 3. If the picking tasks are mapped to an entrance, the CA
with this entrance can be labelled as a CA with picks.
Step 4. By traversing the indexes of the CAs incrementally, set
the first found CA with picks as 𝐶𝐴 𝑐 ; then the order pickers
will walk to the left cross point of 𝐶𝐴 𝑐 .
Step 5. Enter 𝐶𝐴 𝑐 , and visit all the designated entrances with
mapped picking tasks.
Step 6. If all the CAs with picks are visited, go on with Step 9;
otherwise, go on with Step 7.
Step 7. If the next CA with picks is in the same Column as
𝐶𝐴 𝑐 , leave 𝐶𝐴 𝑐 from the nearer cross point; if the next CA
with picks is in different Columns, leave 𝐶𝐴 𝑐 from the right
cross point of 𝐶𝐴 𝑐 .
Step 8. Reach the next CA with picks, and set this CA as 𝐶𝐴 𝑐 .
Then, revert to Step 5.
Step 9. Leave 𝐶𝐴 𝑐 and return to the depot.
The simulation platform is developed by C#.net on a
4.00GHz PC. In all the AGNA solutions, the values of
the following search parameters, as shown in Table 2, are
validated to be robust in the previous research [11] and
ANOVA test. For RNA and LNA, the average computation
time for a batch was less than 1 s. For AGNA, this time was
less than 5 s. The results show that, in eight scenarios, AGNA
gets the best performance. In the remaining four scenarios,
the three routing methods get the same results, as shown
in Table 3. Data in italic font means the best result in the
corresponding scenario. Owing to the flexible definition of
the visiting sequence for a subaisle, AGNA can optimize
the travel route effectively. Additionally, the access modes
are derived from existing basic heuristics, with which the
order pickers are familiar. Accordingly, the order pickers can
easily accept the newly designed routing method. Therefore,
AGNA can be readily applied to the setting of multiple-block
warehouse.

10

Complexity
Crossover Point
Parent 1 2

4

5

7

1

6 10 3

Parent 2 5

2

1

3 11 7 12 9

9 12 8 11
8 10 4

2

Four-point Crossover

4

Order Crossover

2 1 3 11 7 4 9 8 10 5 6

Offspring 2 2

4 5 7 1 6 11 3 9 12 8 10

3 11 7

8 11 2 4 5

6

Offspring 1 8

1

5

7

1

9 8 10

7 1 6 10 3 9 12
6

3

9 12

4 6 5 2 1 3 11 7 12 9 8 10
(a) Cross operation

Swap Position
Parent
Offspring

1

2

3

4

5

6

7

8

9 10 11 12

1 8 3 4 5 6 7 2 9 10 11 12
(b) Mutation operation

Figure 8: The illustration of crossover and mutation.
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Figure 9: The flowchart of AGNA.

5.3. Discussions. Based on the results, we can analyze the
effects of the following parameters.
(1) Access Restriction. In four scenarios, all the methods
produce the same results. All of them are the layouts having
only one Row, and access restriction is imposed on one
side for all the blocks implying that all the subaisles are
allowed to be visited from only one entrance. This means
that only one identical access mode with the same travel
distance will be chosen by all the routing methods. For the
same reason, AGNA outperforms RNA and LNA in the other

eight scenarios with fewer access restrictions (see Table 4).
We calculate the percentage differences by 𝐴/𝑅 = 100 ×
(1 − 𝑟(𝐴)/𝑟(𝑅)), 𝐴/𝐿 = 100 × (1 − 𝑟(𝐴)/𝑟(𝐿)), and 𝐿/𝑅 =
100 × (1 − 𝑟(𝐿)/𝑟(𝑅)), where 𝑟(𝑅), 𝑟(𝐿), and 𝑟(𝐴) refer
to the average travel distances of RNA, LNA, and AGNA,
respectively. The imposition of fewer access restrictions will
increase the optimization space among these methods.
(2) Number of CNAs. Although the CNA is only responsible
for the order pickers changing working aisles, AGNA produces better performance in a scenario with more CNAs. For
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Figure 10: Warehouse scenarios concerned in the experiment.

instance, the mild increase in the number of CNAs from two
(in the 3𝑟𝑑 scenario) to three (in the 6𝑡ℎ ) translates into a
significant synchronous increase in the percentage difference
between AGNA and RNA. Similar comparisons between
AGNA and RNA are shown in Figure 11. The implication
of this observation is that the negative impacts of access
restriction can be by mitigated by setting the optimal number
of CNAs.
(3) Number of CAs. The presence of more CAs contributes to
a reduced relative proportion of access restriction, by which
the order pickers can enjoy greater flexibility. As shown in

Table 4, AGNA outperforms other methods in the scenarios
with more CAs. If the access restriction is inevitable, we
suggest that warehouse designers can set more CAs.

6. Conclusions
This paper studied a new kind of multiple-block warehouse
with ultranarrow aisles as observed from one large-scale
online retailer in China. In such a warehouse system, an
order picker is prohibited from entering the ultranarrow
aisles carrying a picking cart. In addition, we also take
access restriction into account, which has been imposed
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Figure 11: The percentage difference between AGNA and RNA in scenarios with two or three CNAs.
Table 1: Detailed configurations of warehouse scenarios.
Layout scenario
1
2
3
4
5
6
7
8
9
10
11
12

Number of blocks
1
1
1
2
2
2
2
2
2
4
4
8

Number of cross aisles
1
1
2
1
1
2
2
2
3
3
3
3

Table 2: The parameter setting for the AGNA algorithm.
Parameter
Population
Iterations (𝐼)
Interval (𝐶)
𝛼
𝛽
𝜌
Crossover rate
Mutation rate
𝐺
𝑒𝑝

ACO
|Ω|
2000 ∗ |Ω|
50 ∗ |Ω|
1
5
0.15

GA
|Ω|

0.75
0.1
100 ∗ |Ω|2
100 ∗ |Ω|

on some special pick aisles to limit the order pickers to
visit by a designated entrance. In such a warehouse, the
existing routing methods cannot be immediately applied
without modification. This study designed a routing method
by integrating ACO and GA to address those practical features
with the aim to improve operational efficiency. Specifically,
the core procedure of the AGNA lies in the identification
of not only the best access mode but also the near-optimal

Number of connect aisles
2
2
2
3
3
3
2
2
2
3
2
3

Front restriction
Yes
No
No
Yes
No
No
Yes
No
No
No
Yes
Yes

Back restriction
No
Yes
No
No
Yes
No
No
Yes
No
No
Yes
Yes

visiting sequence and moving route that visits all the subaisles
with picks.
A comprehensive simulation is deliberately designed to
verify the efficacies of the proposed method. The input data
for the simulation, including the warehouse configurations
and order information, are collected from D company. Moreover, two improved dedicated heuristics were also examined
for comparison. By simulation, we found that AGNA can
significantly improve the picking efficiency in most scenarios.
Additionally, the mechanism of AGNA which deals with
the access restriction can be deployed in the warehouses
with traditional aisles as well. Moreover, it appears that
minimizing access restrictions by setting more CAs and CNAs
can effectively optimize the picking-service efficiency.
In this paper, the proposed method is developed for
already-designed warehouse layouts. If the ultranarrow aisles
and access restriction are inevitable, designing the optimal
layout is a problem that is worthy of further research.
Moreover, the designation of storage assignment and orderbatching methods in the setting of such a warehouse system
also deserves ongoing further research.

Data Availability
The data will be accessible upon request.

Complexity

13
Table 3: The average length of travel distances for all the methods (unit: meter).

Layout scenario
1
2
3
4
5
6
7
8
9
10
11
12

RNA
247.65
231.14
208.90
381.48
370.02
411.86
296.15
261.81
313.63
495.13
341.70
534.14

LNA
247.65
231.14
208.90
381.48
370.02
411.86
296.15
262.78
312.04
492.15
340.67
532.94

AGNA
247.65
231.14
171.55
381.48
370.02
346.48
263.05
261.64
263.48
409.51
329.56
498.92

Table 4: The percentage differences between different methods (unit: %).
Layout scenario
1
2
3
4
5
6
7
8
9
10
11
12

𝐴/𝑅
0
0
17.88
0
0
15.87
11.18
0.06
15.99
17.29
3.55
6.59
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Tool state monitoring is a key technology in intelligent manufacturing. But it is still in a research stage and lacks general adaptability
for different machining conditions. To overcome this limitation, this work systematically investigates an intelligent, real-time,
and visible tool state monitoring through adopting integrated theories and technologies, i.e., (a) through distinctively designed
experimental technique with comprehensive consideration of cutting parameters and tool wear values as variables, (b) through
bisensor fusion for simultaneous measurements of low and high frequency signals, (c) through multitheory fusion of wavelet
decomposition and the Relief-F algorithm for performing dual feature extraction and feature dimension reduction to achieve
more accurate state identification using neural network, and (d) through an innovative programming technique of MATLABnested labVIEW. This tool monitoring system has neural network adaptive learning ability with the change of the experimental
sample signals which are collected simultaneously by selected vibration and acoustic emission (AE) sensors in all factors turning
experiments. Based on LabVIEW and MATLAB hybrid programming, the waveforms of signals are observed and the significant
characteristics of signals are extracted through the time-frequency domain analysis and then the calculation of the energy
proportion of each frequency band obtained using 4 levels of wavelet packet decompositions of the vibration signal as well as
8 levels of wavelet multiresolution decompositions of the AE signal; the ensuing Relief-F algorithm is used to further reextract
the features that are most relevant to the tool state as input of neural network pattern recognition. Through the BP neural network
adaptive learning, tool state recognition model is finally established. The results show that the correct recognition rate of BP network
model after samples training is 92.59%, which can more accurately and intelligently monitor the tool wear state.

1. Introduction
Tool condition monitoring is an indispensable technology
in manufacturing automation and intelligence. The real-time
monitoring of cutting tools can not only improve the quality
of products and reduce production costs, but also reduce the
downtime of machining centers and increase productivity.
Over the years, researchers have done a lot of work on
tool condition monitoring and put forward many monitoring
methods, which can be classified into two major categories:
direct and indirect methods.
Direct methods [1, 2] are measurements of the cutting
tool wear using optical, radioactive, electrical resistance
sensors, etc. This kind of method directly measures the actual
geometric parameters of the cutting tool [3], and the results

are intuitive and reliable, and the measuring accuracy is high.
However, the cutting zone is generally inaccessible during the
cutting processes due to the continuous contact between the
cutting tool and the workpiece, so it is impossible to realize
online monitoring; and the sudden breakage of the cutting
edge is unable to be monitored; and it is not feasible in the case
of coolant. Hence it has limitations in practical applications.
Indirect method is a new developed technology on the
basis of modern sensors, signal analysis, and pattern recognition. It monitors tool wear through analyzing and processing
measured physical signals in cutting processes. It is characterized by real-time performance, versatility, convenient
installation, and low cost, so it is much easier to be employed
in practice. In general, indirect tool condition monitoring
system consists of sensors, the signal conditioner or amplifier,
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Figure 1: The framework of the tool monitoring system.

and the monitor. Sensors are very important elements which
must monitor the target location (near the tip of the tool)
as close as possible. Then the received signals by sensors are
processed to get useful information. A monitor is a display
unit for analyzing signals. The indirect state monitoring
system usually consists of four parts: signal acquisition, signal
processing, and feature extraction and pattern recognition.
Figure 1 shows the framework of tool monitoring system.
Indirect methods have been investigated by many
researchers. The commonly monitored parameters with the
change of tool include the cutting force, feed and spindle
motor currents, vibration signal, acoustic emission (AE)
signal, temperature, and surface roughness.
Dimla and Lister [4] developed an online tool wear
monitoring system. They used tool dynamometer to measure
three vertical components of the cutting force and the tool
wear state monitoring was studied through the analyses
of time series and fast Fourier transform (FFT) of the
signals. The results showed that the cutting force was mainly
determined by the cutting conditions, especially the depth of
cut and the feed rate; and the vertical component of cutting
force and vibration characteristics (z direction) were most
sensitive to tool wear. Ghasempoor et al. [5] experimentally
verified the feasibility of the online tool state monitoring
system by using different cutting force components. They
correlated the cutting force components with the tool wear
and observed that these parameters were very sensitive to
the change of the cutting conditions. However, the prediction
of the wear of the crescent tooth was not very accurate,
and the possible reason was that the wear of the tool rake
face had the counteraction on the component cutting forces.
Sikdar and Chen [6] studied the relationship between the
wear area of the tool flank and the cutting force in the cutting
process. The experimental results showed that the cutting
force gradually increased with the increase of the wear area
of the tool flank. Nouri et al. [7] described a new method to
monitor end milling tool wear in real-time by tracking force
model coefficients during the cutting process. The behaviors
of these coefficients were shown to be independent from
the cutting conditions and correlated with the wear state of
the cutting tool. Wang et al. [8] took milling force as the
monitoring signal, and wavelet packet theory was used to
analyze and extract the energy feature of the signal as a
basis for diagnosis and then the Continuous Hidden Markov
Model (CHMM) was used to diagnose tool wear state. The
results indicated that CHMM tool condition monitoring
required less training samples and produced results quickly.
However, the diagnostic accuracy seemed obscure due to the
lack of contrast between experimental and diagnostic results.
Li et al. [9] presented that the feed cutting force estimation
using the current from servo motor was applied to monitor

the tool wear in turning. However, whether the feed force
component could represent the influence of overall cutting
physical parameters on tool wear still needs to be proved.
Many researchers studied the tool state monitoring by
analyzing the generated vibration in machining operations.
Teti et al. [10] classified the vibration during metal cutting
process as free vibration and forced vibration. The two
groups are not mutually exclusive. Free vibration independent of metal cutting contains forced vibration caused by
other machines or machine components, for example, vibration transmitted through foundations, unbalance of rotating
parts, inertia forces of reciprocating parts, and kinematic
inaccuracies of drives.
Abouelatta and Madl [11] established the mapping relation between the surface roughness of the workpiece and the
vibration by using the vibration signal. The surface roughness
was measured using the Surtronic 3+ measuring instrument
and the tool vibrations in radial and feed directions were
measured by the FFT analyzer. It was found that the tool wear
and the surface roughness could be predicted more accurately
by the vibration model. Alonso and Salgado [12] developed
a tool state monitoring system based on the tool vibration
signal by using the singular spectrum analysis (SSA) and cluster analysis. SSA is a nonparametric technique of time series
analysis. The sampled vibration signals can be decomposed
into a group of time series, and the clustering analysis is used
for grouping the time series of SSA decomposition to obtain
several independent components in the frequency domain.
The results showed that using SSA and clustering analysis
to process signals could achieve more reliable results in the
development of tool condition monitoring system.
During the metal cutting process, the plastic deformation
occurs when the tool cuts into the workpiece. Due to
the plastic deformation, transient elastic stress waves are
generated inside the material, which quickly releases strain
energy from one or more local sources. The released energy is
usually called acoustic emission (AE). Li [13] described that
AE was one of the most effective methods to monitor tool
wear. The main advantage of using AE to monitor tool state
is that the frequency range of AE signal is much higher than
that of the machine vibrations and environmental noises, and
it does not interfere with the cutting process. Kakade et al.
[14] predicted the tool wear and chip shape in the milling
process through the analysis of AE signal. The tool flank wear
and AE signal parameters were measured at the fixed distance
interval of the tool pass and the chips were collected at the
same time. The results indicated that the AE signal clearly
demarcated the cutting action between sharp and worn-out
tool and that signal features including ring down counts,
rising time, and event duration were capable of reflecting the
tool wears.

Complexity
It is normal and inevitable to generate heat in metal
cutting process. The high temperature around the tip of the
cutting tool will speed up the damage of the tool. To some
extent, the tool temperature determines the tool wear rate.
Korkut et al. [15] established the regression analysis (RA)
and artificial neural network (ANN) model to predict the
tool state by monitoring the chip interface temperature, and
the results were verified by experiments. It was found that
the proposed model had good accuracy and was suitable for
predicting tool state.
Surface roughness is widely used in quality evaluation
of machined products, which indirectly indicates tool condition. Cutting conditions have considerable influences on
tool wear and surface roughness. Ozel and Karpat [16]
used neural network modeling to predict surface roughness
and tool flank wear in finish hard turning. The regression
model was developed to obtain the specific parameters in the
cutting process. The results showed that decrease of the feed
rate resulted in better surface roughness but slightly faster
tool wear, and the increase of cutting speed resulted in a
significant increase of tool wear but better surface roughness;
the increase of workpiece hardness resulted in better surface
roughness but higher tool wear.
Artificial neural network (ANN) is a mathematical model
for information processing by simulating the human brain.
It consists of several processing units similar to neurons.
It memorizes knowledge and stores it in the network by
training and learning samples. Because of high fault tolerance
and adaptability, noise suppression, and data driving, neural
network classifier has been adopted by some researchers.
Balazinski et al. [17] established three models: feedforward
backpropagation neural network, fuzzy clustering analysis,
and fuzzy reasoning based on neural network by collecting
the cutting force signals during the cutting process. The
results showed that the three models estimated tool wear with
almost the same precision. But the fuzzy clustering analysis
method was somewhat difficult to be applied in practice
because it had to analyze the dependence of tool wear on
the cutting force and the training time of the neural network
method was long. Silva et al. [18] utilized two neural networks
and an expert system using Taylor’s tool life equation to
classify the tool wear state; the classification accuracy results,
however, were puzzling because of the missing Figures 16–18
and the simple linear regression analysis. The research of
monitoring tool wear using classifier fusion by KannateyAsibu et al. [19] illustrated that the classifier fusion performance reached 99.7% when a penalty vote was applied on
the weighting factor. However, whether the demonstrated
technique using AE monitoring is suitable for low frequency
signal monitoring or not, further research is still needed.
By and large, the tool state monitoring technology is not
mature enough due to the complexity of the relationship
between the measured physical quantities by sensors and
the tool state, and thus the establishment of the accurate
relationship between them is still a hard problem to be
solved when we intend to develop a practical tool state
monitoring system to meet various machining processes and
environments. Specifically, there exist the following main
problems. (1) First is the adaptability of monitoring models.
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Most of the existing monitoring models are suitable for
narrow cutting conditions, and the reliability and effectiveness under variable cutting conditions cannot be guaranteed.
The metal cutting process is very complex and has a lot
of randomness, and different machine tools, cutting tools,
workpiece materials and cutting parameters will make the
monitored signal characteristics different. Thus it is of great
significance to establish a tool state monitoring system that
can adapt to the changeable cutting conditions. (2) Second is
sample acquisition problem. Sample acquisition in cutting is
difficult and costly in some cases. A large number of cutting
experiments will cause high costs. Therefore, it is essential
to establish a model with self-learning ability and little
dependence on training samples. (3) Third is the difficulty
of developing the monitoring system based on new sensor
and signal analysis technology. Tool state monitoring involves
a variety of sensors and signal analysis techniques, and the
selection of the suitable sensors and signal analysis methods
have not been systematically studied.
Hence, the aim of this study is to investigate a method
of achieving a visual, intelligent, and real-time tool state
monitoring that is universal and can be used in practice.
The implementation of tool wear monitoring is divided
into two major parts: experimental details, and design and
implementation of tool monitoring functions. The contents
include (1) using bisensor fusion to measure the signals (low
frequency vibration signal and higher frequency AE signal) in
the turning process; (2) being based on hybrid programming
technique of LabVIEW and MATLAB, analyzing and processing the signals, and extracting the most relevant features
that reflect the tool wear state by the use of dual methods,
i.e., the combination of the wavelet theory with the Relief-F
algorithm; (3) using the extracted features as training samples
of the neural network and then establishing the recognition
model of tool state, such that intelligent recognition of the
tool state is accomplished.
The designed structure of lathe tool wear monitoring
system is shown in Figure 2.

2. Experimental Details
Table 1 lists the instrumentation and specifications of the
experiments in this work.
2.1. Selection of Experimental Parameters. In the turning
process, there are many factors affecting the signals of the
sensors, such as cutting parameters, tool parameters, the
machine tools, degrees of the tool wear, and the machining
environment. And so many factors will inevitably bring
difficulties to the experimental design, so we need to analyze
the specific machining environment and remove some minor
factors.
On the premise of some fixed factors, such as the
machine tools, the workpiece material, and the cutting tool,
the machining parameters are changeable according to the
machining requirements. The value of the tool wear is also
a variable in the cutting process. Because the experimental
objective is to obtain the mapping relations between the tool
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Figure 2: Structural frame of tool condition monitoring.
Table 1: Experimental instrumentation and specifications.
Name

Specifications

Lathe
Workpiece material
Cutting tool
Vibration sensor
Vibration signal amplifier
Data acquisition card
Sensor 2
Pre-amplifier
Data acquisition card

CA6140
Aeronautical aluminum alloy 7050, Φ98×500mm bar
Carbide tool YT15
Accelerometers; DH112 (Denmark, B & K), frequency range 0.5-7KHz
2635 (Denmark, B & K)
NI9215(US, NI company), 16 bit resolution, sampled at a rate of up to 7 kHz for 100 MS/s
AE sensor PAC WD US
PAC2/4/6 (US)
PCI-9846H (Taiwan), 16 bit resolution, 40MS/s
Table 2: Experimental parameters and levels.

Level
1
2
3

Cutting speed vc
(m/min)
64.6
80
98.5

Feed rate f
(mm/rev)
0.11
0.13
0.15

Depth of cut ap
(mm)
0.8
1.0
1.2

Tool wear value
VB(mm)
0
0.2
0.4

Table 3: The stages of tool wear.
Tool wear
VB(mm)

sharp tool stage
(initial wear)
0

wear and the vibration plus AE signals characteristics, so the
experimental factors include the cutting speed, the feed rate,
the depth of cut, and tool wear.
According to the specifications of the machine tools,
the experimental parameters are designed, as presented in
Table 2, which also takes into account three VB values of the
tool flank wear corresponding to the indices of tool wear
criterions: sharp tool stage (initial wear), normal working
stage (normal wear), and worn out stage (severe wear),
as listed in Table 3. For each of the experimental cutting
conditions, the observations of the vibration and AE signals
are made and recorded corresponding to the three wear states
of the tool flank.
2.2. All Factors Experimental Technique. The orthogonal test
is a frequently used method in experimental design. It can

normal working stage
(normal wear)
0.2

worn out stage
(severe wear)
0.4

greatly reduce the number of trials, the test time, and costs.
But the orthogonal test is inappropriate for the modeling and
recognition of the neural network since the amount of data is
relatively small. Therefore, in this work, the experiments of all
factors combinations are conducted for obtaining the data of
tool state monitoring. According to the test factors and levels
designed in Table 2, there are four factors and each factor has
three levels. Therefore, the four factors-three levels comprise
34 =81 groups of experiments.
2.3. Bisensors Installation and Tool Wear Measurement. The
most common waveform data in condition monitoring are
vibration signals and acoustic emissions [20]. In this work,
two sensors, i.e. vibration acceleration sensor and AE sensor,
are simultaneously selected for measuring the cutting tool
signals. The advantages of selecting them lie in that both
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3. Tool Monitoring Functions and
Implementation Methods

Cutting tool

AE sensor

Accelerometer

Figure 3: Sensors installation.

vibration and AE signals can sensitively reflect the tool
state in real time and that they are suitable for monitoring different machining processes. Figure 3 illustrates the
experimental installation of sensors in the turning process.
Both the vibration and AE sensors have magnetic bases,
which can be installed onto the tool shank magnetically.
Two sensors are installed close to the cutting tool. The
vibration and the AE sensors are placed in the vertical
direction (Z axis) and the horizontal direction (Y axis) of
the shank and used to measure vibration and AE signals,
respectively.
Three prepared cutting tools for each wear state in the
experiments, as shown in Figure 4, are used to cut the
workpiece so that the signal data of each tool state can
be correspondingly collected by sensors, respectively. Hence
each tool wear state corresponds to its own signal data and
three tool wear modes (initial, normal, and severe wear) will
not mix together. A tool microscope (with five million pixels)
that can magnify 100 times is used to measure the tool wear,
as shown in Figure 5. It can be connected with the computer,
and the tool wear can be observed and measured on the
computer screen, and the measurement photos can also be
taken.
2.4. Signal Acquisition Procedure. The data acquisition is a
process of collecting and storing the experimentally measured sensor signals in the turning process, such that it
provides reliable sample data for later state recognition.
The flow chart of the signal acquisition procedure is
illustrated in Figure 6. In the machining process, the vibration sensor and AE sensor collect the original tool state
signals, which are weak and need to be amplified, buffered,
and filtered via the amplifiers and data acquisition cards,
and then the signals are entered into the computer for
storage.

This tool monitoring design includes three functions: signal
acquisition or reading, signal processing and feature extraction, and state recognition.
3.1. Signal Acquisition Function. The signal acquisition module in this work has the functions of signal display and
storage, which is developed using the LabVIEW software.
LabVIEW is a graphical programming language. The LabVIEW program is called virtual instrument (VI), which
provides lots of graphical controls and functions used in the
data analysis and processing in engineering fields. We devise
desirable functions and drag graphical controls into the
program diagram and then connect the wires according to the
needs of programming, and finally the instrument functions
and the parameters settings can be realized. LabVIEW also
provides the interface with MATLAB, i.e., MATLAB Script.
Using MATLAB programming for numerical calculation
and analysis can greatly shorten the time of the system
development and finish a completely automated test system.
LabVIEW software has two human-machine interaction
interfaces: the front panel and the rear panel. The front
panel provides many graphical controls that are similar to the
appearance of actual instruments. Graphical controls on the
front panel are manipulated by using icons and wires on the
rear panel.
3.2. Signal Analysis and Method Fusion of Dual Feature
Extraction. In the metal cutting process, the original signals
collected by the sensors contain a lot of noises and useless
information. They cannot be used directly to identify the tool
state and only the extracted characteristics are useful for the
state recognition. The collected vibration and AE signals are
dynamic signals. The signal components are very complex
and the background noise comes from many sources, such
as cutting environment, machining conditions, and material
properties. There exist both stationary and nonstationary
signals. The time domain analysis of signal can only represent
time history of the signal amplitude characteristic, but cannot
clearly reveal the frequency compositions of the signal. And
the frequency domain analysis can represent the frequency
structure of the signal and the amplitude of the frequency
components, but cannot provide time information and judge
the change of local signal with the time. The time-frequency
analysis method can reflect the signal characteristics both
in time domain and in frequency domain; that is, it can
satisfy the requirements of nonstationary signal analysis and
processing. Thus the time-frequency domain analysis is used
based on the initial time domain analysis and frequency
domain analysis.
In this work, firstly, the time domain analysis mainly
focuses on the time domain waveform display for observing
the waveform change rules, and, secondly, some statistical
eigenvalues (mean value 𝑥, variance 𝜎2 , and root mean
square value X 𝑟𝑚𝑠 ) are calculated according to the sampling
number of each signal through LabVIEW programming. The
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Figure 4: Cutting tools of three different wear stages: (a) sharp tool; (b) normal working tool; (c) worn-out tool.

Figure 5: Universal tool microscope.

expressions of three statistical characteristics are presented in
the following, respectively.
𝑥=
𝜎2 =

1 𝑁
∑𝑥
𝑁 𝑖=1 𝑖

(1)

1 𝑁
2
∑ (𝑥 − 𝑥)
𝑁 𝑖=1 𝑖

(2)

𝑋𝑟𝑚𝑠 = √

1 𝑁 2
∑𝑥
𝑁 𝑖=1 𝑖

(3)

where x𝑖 is the collected signal data by the sensor; mean
value 𝑥 indicates the constant component of a signal; variance

𝜎2 describes the deviation from the mean value of a random
signal; root mean square value 𝑋𝑟𝑚𝑠 describes the intensity of
a random signal, i=1, 2,...N; and N is sample number.
Figures 7 and 8, respectively, show the typical time
domain waveforms of the experimentally collected vibration
and AE signals in different cutting tool wear stages (cutting
speed 64.6m/min; feed rate 0.11mm/r; depth of cut 1.2mm).
The abscissa is sampling time and the ordinate is the amplitude of the signal.
It can be seen from Figure 9 that the frequency components of the vibration signal are not very rich, mainly
ranging from 2 to 4 kHz. The signal energy in this frequency
band varies noticeably in different wear stages and in other
frequency bands it has no observable change. As can be
seen from Figure 10, the AE signal contains rich frequency
components, which mainly exist between the frequency band
0-50kHz and 100-150 kHz. The signal energies in these two
frequency bands change obviously in different tool wear
stages, and the energies keep almost unchanged in other
frequency bands.
We can see that, according to the time domain analysis
and frequency domain analysis on Figures 7–10, it is difficult
to describe the characteristics of the tool state and to do the
quantitative analysis. Thus further analysis is necessary.
Due to the nature of manufacturing processes, the signals are usually nonstationary and the signal processing
approaches that deal with nonstationary signals are more
appropriate for process monitoring [3]. We have known
that time-frequency analysis is usually used to analyze
nonstationary signals which often have both high and low
frequency components. And wavelet transform is one of the
commonly used time-frequency analysis methods, because
it has the zoom function and can adaptively adjust the
time-frequency resolution of the signal according to the
difference of decomposition scale. Wavelet analysis has good
localization property in both time domain and frequency
domain and permits adaptive time-frequency representation.
Dividing the frequency band into multiple levels can improve
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Figure 6: The flow chart of the signal acquisition.
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Figure 7: Time domain waveforms of vibration signal: (a) machine idling; (b) initial tool wear; (c) normal tool wear; (d) severe tool wear.
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Figure 8: Time domain waveforms of AE signal: (a) machine idling; (b) initial tool wear; (c) normal tool wear; (d) severe tool wear.

frequency resolution of both high and low frequencies. Zhu et
al. [3] reviewed that, due to the advantages of wavelet decomposition, wavelet methods have been studied in many aspects,
such as signal denoising, feature extraction, and compression,
or used as classifier in tool condition monitoring. Gong et al.
[21] showed that the wavelet analysis was more sensitive and
reliable than the Fourier analysis for recognizing the turning
tool wear states. Yoon and Chin [22] verified the reliability of
the wavelet transform compared with the spectra method of
Fast Fourier transform (FFT).
Continuous wavelet transforms (CWT) are recognized
as effective tools for both stationary and nonstationary
signal processing. However, it involves much redundant
information and takes long computational time. Mallat [23]
developed discrete wavelet transform (DWT) which is an
algorithm based on the conjugate quadratic filter (CQF)
and preferable in the time-frequency analysis because of

no redundancy and fast computation. Wavelet and scaling
functions of different scales are generated from a scaling
function 𝜙(t) with two-scale difference equations [24]:
𝜙 (𝑡) = √2∑ℎ (𝑘) 𝜙 (2𝑡 − 𝑘)
𝑘

𝜓 (𝑡) = √2∑𝑔 (𝑘) 𝜙 (2𝑡 − 𝑘) ,
𝑘

𝑔 (𝑘) = (−1)𝑘 ℎ (1 − 𝑘)

(4)
(5)
(6)

where h(k) and 𝑔(𝑘) are filter coefficients of low-pass
and high-pass filters; 𝜙(t) and 𝜓(t) are scaling and wavelet
functions at scale space j=1, respectively.
Assuming c𝑗,𝑘 , d𝑗,𝑘 are scaling coefficient and wavelet
coefficient, respectively, they are derived from the projection
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Figure 9: Frequency domain waveforms of the vibration signal (amplified 100 times): (a) initial tool wear; (b) normal tool wear; (c) severe
tool wear (cutting speed 64.6m/min; feed speed 0.11mm/r; depth of cut 1.2mm).

of the signal onto the spaces of scaling function 𝜙𝑗,𝑘 (t) and
wavelet function 𝜓𝑗,𝑘 (t), and m is the filter length, then

decomposition relation of the signal S in Figure 11 can be
expressed as the following:

𝑐𝑗,𝑘 = ∑ℎ𝑚−2𝑘 𝑐𝑗+1,𝑚

𝑆 = 𝐴𝐴𝐴 3 + 𝐷𝐴𝐴 3 + 𝐴𝐷𝐴 3 + 𝐷𝐷𝐴 3 + 𝐴𝐴𝐷3

𝑚

𝑑𝑗,𝑘 = ∑𝑔𝑚−2𝑘 𝑐𝑗+1,𝑚
𝑚

(7)
(8)

Figure 11 shows a schematic diagram [25] of feature
extractions for the signal representation with 3 levels of
wavelet packet decompositions. The decomposition process
is as follows: assuming that the frequency range of the signal
S is [0, f ], after the first level decomposition, S is decomposed
into two parts, i.e., high frequency part D1 and low frequency
part A1. Among them, the frequency range of high frequency
signals is [f /2, f ], and the low frequency range is [0, f/2].
Then, in the second level decomposition, A1 obtained from
the first level is decomposed to get the low frequency part
AA2 and the high frequency part DA2, and D1 is decomposed
to obtain low frequency part AD2 and the high frequency
part DD2. Their corresponding frequency ranges are [0,
/4], [/4, /2], [/2, 3/4], and [3/4, ], respectively. And
likewise, the original signal is decomposed level by level. The

+ 𝐷𝐴𝐷3 + 𝐴𝐷𝐷3 + 𝐷𝐷𝐷3

(9)

S is initial signal; A1, A2, and A3 are the first, second, and
third level of low frequency after decomposition, respectively;
D1, D2, and D3 are the first, second, and third level of high
frequency after decomposition, respectively.
Figure 12 shows 3 levels of tree structure of wavelet
multiresolution decomposition. It can be clearly seen from
Figure 12 that multiresolution analysis is actually equivalent
to a bandpass filter, and only the low frequency component
is decomposed at each level without considering the high
frequency. This decomposition process is that the frequency
range of the signal S is [0, ], and S is divided into two parts
after the first level decomposition, i.e., the high frequency
part of D1 and the low frequency part A1. The frequency
range of high frequency component is [/2, ], and the
low frequency part is [0, /2]. When the second level is
decomposed, the high frequency part D1 obtained from the
first level decomposition is no longer decomposed; only
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Figure 10: Frequency domain waveforms of AE signal: (a) initial tool wear; (b) normal tool wear; (c) severe tool wear (cutting speed
64.6m/min; feed speed 0.11mm/r; depth of cut 1.2mm).
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Figure 11: Wavelet packet decomposition structure.

the low frequency part A1 is decomposed, and it is also
decomposed into two parts: high frequency part D2 and low
frequency part A2. The frequency range of the high frequency
part D2 is [/4, /2], and the low frequency part A2 has a
frequency range of [0, /4]. The third level of decomposition
is the same as the second level and only the low frequency part
A2 is decomposed into two parts, i.e., the high-frequency part
D3 and the low frequency part A3. And likewise, the signal is
decomposed level by level. After the signal S is decomposed
by the three levels of multiresolution, the signals A3, D3, D2,
and D1 are obtained, and the corresponding frequency ranges

are [0, /8], [/8, /4], [/4, /2], and [/2, ]. Therefore, we
have the following formula:
𝑆 = 𝐴 3 + 𝐷3 + 𝐷2 + 𝐷1

(10)

When the signal is decomposed by wavelet packet, if the
number of decomposed levels is too many, the calculation
time of the computer will increase; if the number is too little,
the resolution will reduce and many useful information may
not be resolved. The number of decomposition levels depends
on the signal itself and the requirements of the characteristic
parameters. In this work, considering that the frequency of
the vibration signal is relatively low and the frequency of AE
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Table 4: Frequency bands of 4 levels of wavelet packet decompositions for the vibration signal.

Sequence No.
Frequency band (KHz)
Sequence No.
Frequency band (KHz)

A1
0-0.8
A9
6.4-7.2

A2
0.8-1.6
A10
7.2-8

A3
1.6-2.4
A11
8-8.8

A4
2.4-3.2
A12
8.8-9.6

A5
3.2-4
A13
9.6-10.4

A6
4-4.8
A14
10.4-11

A7
4.8-5.6
A15
11.2-12

A8
5.6-6.4
A16
12-12.8

Table 5: Energy proportion (×102 ) of the vibration signal in each frequency band after wavelet packet decompositions.
No.
Initial wear
Normal wear
Severe wear
No.
Initial wear
Normal wear
Severe wear

A1
9.955
12.42
4.575
A9
2.115
2.27
1.976

A2
2.999
2.252
0.965
A10
2.325
2.556
2.854

A3
17.77
16.44
19.20
A11
6.591
8.706
15.43

S
A1
A2
A3

D1
D2

D3

Figure 12: Tree structure for three level of wavelet multiresolution
analysis.

signal is high, in order to achieve good frequency resolution
effects, the vibration signal is decomposed by four levels of
wavelet packet analysis, and the AE signal is decomposed
by eight levels of multiresolution analysis. After this, the
energy proportion of each frequency band is extracted. This
process is realized by mixed programming of LabVIEW and
MATLAB. Figure 13(a) shows the block diagram of the 4
levels of wavelet packet decompositions for vibration signal.
Figure 13(b) is the front panel of the time-frequency analysis,
which can observe the waveform of the frequency bands and
the energy proportion of each frequency band after the signal
is decomposed by wavelet analysis.
3.2.1. Wavelet Packet Analysis of Vibration Signal and Characteristic Extraction. The experimental sampling frequency
of the vibration signal is 25.6 KHz. According to the Nyquist
sampling theorem (the sampling frequency is two times
more than the actual maximum frequency), the available
frequency is 12.8 KHz. Therefore, the collected vibration
signal is decomposed into four levels by the wavelet packet
analysis, and the frequency resolution is 0.8 KHz. Finally, the
vibration signal is decomposed into 16 frequency bands (A1A16), and the frequency distribution of each frequency band
is presented in Table 4.
Figure 14 shows the amplitudes and waveforms of the
vibration signal with the change of the tool wear state, so the
internal relationship of the amplitude with the tool state can

A4
5.762
2.877
1.283
A12
3.453
4.231
6.708

A5
3.607
3.708
3.218
A13
4.055
3.92
3.346

A6
3.146
2.87
2.298
A14
3.371
3.493
3.649

A7
17.85
15.68
11.19
A15
6.933
8.855
13.72

A8
6.105
5.308
3.675
A16
3.953
4.408
5.903

be studied by further analysis of the change of each frequency
band.
In order to find out the change rules of each frequency
band, we quantify the amplitude of Figure 14 by summing
up the squared wavelet coefficients of the decomposed 16
frequency bands and then by normalizing to obtain energy
proportion of each frequency band. Table 5 lists the energy
proportion of the signal for three different tool states under a
given cutting condition (cutting speed 64.6m/min; feed rate
0.11mm/r; cutting depth 1.2mm).
The histogram for Table 5 is drawn to give a more direct
view of the energy proportion change in each frequency band
and the comparison of the energy proportion of three tool
wear states in each frequency band, as shown in Figure 15. It
can be seen from Figure 15 that the energy of the vibration
signal is mainly distributed in several frequency bands (A1,
A3, A7, A11, and A15). The energy proportion of frequency
bands A2, A4, A7, and A8 decreases with the increase of tool
wear, and the energy proportion of frequency bands A11, A12,
and A15 increases with the tool wear. The change in other
frequency bands is irregular or no obvious change.
3.2.2. Wavelet Multiresolution Analysis of AE Signals and
Characteristic Extraction. The experimental sampling frequency of AE signal is 1MHz. According to Nyquist sampling
theorem, we know that the available frequency of AE signal
is 500 KHz. After 8 levels of wavelet multiresolution analysis,
the frequency resolution of AE signal is 1.95 KHz. Finally,
AE signal is decomposed into 9 bands (A1, D1-D8), and the
distribution of each frequency band is listed in Table 6.
The multiresolution waveform diagram of the AE signal is
shown in Figure 16. It can be seen that the amplitudes in some
frequency bands vary with the change of the tool state. So we
can study the internal relationship of the amplitude with the
tool state by further analysis of the change of each frequency
band.
The amplitude of each frequency band is quantized
by the sum of the squared wavelet coefficients of the AE
signal in nine bands obtained after the decompositions and
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Figure 13: (a) (upper) Block diagram of the 4 levels of wavelet packet decompositions for vibration signal; (b) (lower) front panel of the
time-frequency analysis.
Table 6: Frequency bands of AE signal after eight levels of multiresolution decompositions.
No.
Frequency band (KHz)

A8
0-1.95

D8
1.95-3.9

D7
3.9-7.8

D6
7.8-15.6

D5
15.6-31.25

D4
31.25-62.5

D3
62.5-125

D2
125-250

D1
250-500

Complexity

13
A9

A1

0.147
−0.0362
0

20000

40000

60000

80000
A10

A2

0.112
−0.101
0

20000

40000

60000

20000

40000

60000

0

20000

40000

60000

A13

A5

0.0945
0

20000

40000

60000

A14

A6

0.097
0

20000

40000

60000

A15

A7

−0.32
0

20000

40000

60000

A16

A8

−0.131
0

20000

40000

60000

40000

60000

80000

40000

60000

80000

80000

20000

0

20000

40000

60000

80000

0

20000

40000

60000

80000

0.0951
−0.0967
0.134
−0.13
0

20000

40000

60000

80000

0

20000

40000

60000

80000

0

20000

40000

60000

80000

0.208
−0.202

80000

0.121

20000

0.101

80000

0.341

0

−0.0954

80000

−0.0927

80000

0

80000

−0.0948

60000

−0.199

A12

A4

−0.196

40000

−0.0994

80000

0.149

20000

0.192

A11

A3

0.306

0
0.0967

80000

−0.318
0

0.0717
−0.0722

0.116
−0.111

the number of sampling points

the number of sampling points

0.251

A9

A1

(a) Initial tool wear

−0.0328
60000

0.104
20000

40000

60000

−0.259
20000

40000

60000

A12

0.1
20000

40000

60000

0.133
−0.13
0

20000

40000

60000

A14

A6

−0.13
20000

40000

60000

80000

0.401

A15

A7

0

−0.418
0

20000

40000

60000

A16

−0.172
0

20000

40000

60000

80000

0

20000

40000

60000

80000

0

20000

40000

60000

80000

0

20000

40000

60000

80000

0

20000

40000

60000

80000

0

20000

40000

60000

80000

0

20000

40000

60000

80000

20000

40000

60000

80000

−0.446
0.167
−0.172
0.133
−0.132
0.171
−0.162
0.321
−0.326

80000

0.151

60000

0.446

80000

0.132

40000

0.101

80000
A13

A5

0

20000

−0.102

80000

−0.131

A8

0

80000

0.258
0

−0.0957

80000

A11

A3

40000

−0.102
0

A4

20000

A10

A2

0

0.0957

0.211
−0.209

80000

the number of sampling points
(b) Normal tool wear

Figure 14: Continued.
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Figure 14: Waveforms of the vibration signal after Wavelet packet decompositions.
Table 7: Energy proportion (×102 ) of AE signal after wavelet decompositions in each frequency band.

Initial wear
Normal wear
Severe wear

A8
0.019
0.041
0.178

D8
0.77
0.993
4.411

D7
0.268
0.373
1.116

D6
3.092
6.331
21.599

Energy percentage (∗100)
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Figure 15: Energy proportion of the vibration signal in each
frequency band after wavelet packet decompositions.

D5
8.868
16.38
23.418

D4
11.683
16.969
16.601

D3
47.688
38.883
17.31

D2
26.72
19.24
9.754

D1
0.892
0.79
5.613

by normalization to obtain the energy proportion of each
frequency band. Table 7 lists the energy proportion of AE
signal for three different tool states under a given cutting
condition (cutting speed 64.6m/min; feed rate 0.11mm/r;
depth of cut 1.2mm).
The histogram for Table 7 is shown in Figure 17. It can be
seen from Figure 17 that the energy of the AE signal is mainly
distributed in several frequency bands of D2, D3, D4, D5, and
D6. The energy proportions in D2 and D3 bands decrease
with the increase of tool wear, and the energy proportions in
the D5 and D6 frequency bands increase with the tool wear.
By now, after the signal analyses of 81 groups of experimental sample data in three tool states (initial wear, normal
wear, and severe wear), the mean value, variance, and root
mean square value for each group of the vibration signal
data and the energy proportions of 16 frequency bands after
4 levels of wavelet packet decompositions are extracted.
Meanwhile, the mean value, variance and root mean square
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Figure 16: Waveforms of AE signal by wavelet multiresolution decompositions (cutting speed 64.6m/min; feed speed 0.11mm/r; depth of cut
1.2mm).
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Figure 17: Energy proportion of AE signal after wavelet decompositions in each frequency band.
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Figure 18: The average weight of the classification ability of each feature.
Table 8: A total of thirty-one extracted characteristics.
Extracted characteristics of the vibration signal
No.
1
2
3
Feature
Mean value
Variance
Root mean square
No.
13
14
15
Feature
A10
A11
A12
Extracted characteristics of AE signal
No.
20
21
22
Feature
Mean value
Variance
Root mean square

4
A1
16
A13

5
A2
17
A14

6
A3
18
A15

7
A4
19
A16

8
A5

9
A6

10
A7

11
A8

12
A9

23
A8

24
D8

25
D7

26
D6

27
D5

28
D4

29
D3

30
D2

31
D1

value for each group of the AE signal data and the energy
proportions of 9 frequency bands by the 8 levels of wavelet
multiresolution decompositions are also extracted. Therefore,
these characteristics for each group of vibration and AE signal
data can compose a 31-dimensional fusion characteristic
vector, as listed in Table 8.
In Table 8, some characteristics are useless, which not
only increase the computation, but also affect the classification effect. Therefore, further feature selection is necessary.

3.2.3. Feature Re-Extraction with Relief-F Algorithm. Feature
reextraction is to select a few features that are the most
relevant with the tool state to compose the feature vectors
by calculating each feature in a group of multidimensional
features so that feature extraction and dimension reduction
are achieved. In this work, a well-known filtering feature
selection method called Relief-F algorithm is adopted. The
principle of Relief-F algorithm is that the weight of each
feature is calculated and then these weights are contrasted,
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Table 9: Feature ranking of the classification ability.

Sequence
Feature No.
Weight
Sequence
Feature No.
Weight
Sequence
Feature No.
Weight

1
7
0.33
12
29
0.13
23
27
0.05

2
28
0.26
13
25
0.11
24
11
0.02

3
30
0.24
14
5
0.10
25
23
0.02

4
3
0.22
15
4
0.10
26
24
0.01

5
18
0.21
16
12
0.10
27
16
0.01

the greater the weight value is, the stronger the classification
ability will be.
When dealing with multiclassification problems, ReliefF algorithm takes a sample R randomly from the training
sample set each time and searches the nearest neighbor

6
9
0.19
17
1
0.09
28
8
0.00

7
26
0.18
18
31
0.09
29
22
0.01

8
14
0.17
19
15
0.08
30
21
0.01

9
19
0.16
20
17
0.06
31
20
-0.1

10
2
0.16
21
6
0.06

samples (near-hit) 𝐻𝑗 (𝑗 = 1, 2, . . . 𝑘) from the sample set of
the same class as R and then finds out the nearest neighbor
samples (near-miss) M 𝑗 (C) from the sample set of different
class from R and then updates the weight W(A) of each
feature A, as shown in
𝑘

[(𝑝 (𝐶) / (1 − 𝑝 (𝐶𝑙𝑎𝑠𝑠 (𝑅)))) ∑𝑗=1 𝑑𝑖𝑓𝑓 (𝐴, 𝑅, 𝑀𝑗 (𝐶))]
𝑑𝑖𝑓𝑓 (𝐴, 𝑅, 𝐻𝑗)
+ ∑
𝑊 (𝐴) = 𝑊 (𝐴) − ∑
(𝑚𝑘)
(𝑚𝑘)
𝑗=1
𝐶∈𝐶𝑙𝑎𝑠𝑠(𝑅)
𝑘

where diff (A, R1 , R2 ) is the difference of sample R1 and R2
on feature A, p (C) is the proportion of this class; p (Class (R))
is the proportion of the class of a randomly selected sample;

(11)

M𝑗 (C) is the jth nearest neighbor sample in class C ∉class(R);
m is the sampling number; and k is the number of nearest
samples.



{
𝑅1 [𝐴] − 𝑅2 [𝐴] , 𝑖𝑓 𝐴 𝑖𝑠 𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠
{
{
{
{ [max (𝐴) − min (𝐴)]
𝑑𝑖𝑓𝑓 (𝐴, 𝑅1 , 𝑅2 ) = {0,
𝑖𝑓 𝐴 𝑖𝑠 𝑑𝑖𝑠𝑐𝑟𝑒𝑡𝑒 𝑎𝑛𝑑 𝑅1 [𝐴] = 𝑅2 [𝐴]
{
{
{
{
𝑖𝑓 𝐴 𝑖𝑠 𝑑𝑖𝑠𝑐𝑟𝑒𝑡𝑒 𝑎𝑛𝑑 𝑅1 [𝐴] ≠ 𝑅2 [𝐴]
{1,

The weight of each feature is calculated with MATLAB
based on Relief-F algorithm. In Table 8, the characteristics
are numbered for the convenience of feature selection. We
specify that the intentionally selected number of features is 8,
and then the corresponding sequence number of the feature
level after 8 will be removed. So the most optimal feature
vectors for the classification of cutting tool states can be
selected.
Figure 18 is the histogram for the averaged 30 calculation
results of each feature weight. The distribution of the classification ability of each feature can be seen from the diagram,
and the weight of each feature is arranged in order of value
and Table 9 is obtained, which clearly reflects the correlation
between each feature and the tool wear. The bigger the weight
value is, the greater the correlation between them is.
From Figure 18 and Table 9, we can see that the numbers
of the feature vectors are 7, 28, 30, 3, 18, 9, 26, and 14 after the
Relief-F algorithm calculations. Therefore, checking Table 8,
we know that the eight features including frequency bands
A4, A6, A11, A15 and the root mean square of the vibration

11
10
0.15
22
13
0.05

(12)

signal, and frequency bands D2, D4, and D6 of AE signal can
be selected as the input of the subsequent state recognition.
3.3. State Recognition Using BP Neural Network. State recognition plays an important role in tool state monitoring. It
is to classify the cutting tool state in the cutting process by
inputting the extracted tool state features into the recognition
model, enabling the mapping from the feature space to
the state space. At present, the most commonly used state
recognition methods in tool state monitoring are artificial
neural network, fuzzy reasoning, etc.
In this work, the state recognition model is established
by using BP neural network based on the analysis results
of the signal processing and extraction with the hybrid
programming of LabVIEW and MATLAB in Section 3.2 .
The structure of BP artificial neural network is divided
into input layer, hidden layer, and output layer, as shown
in Figure 19. In the structure, the network is trained by the
training sample set of the input. During the training process,
the error is constantly propagated and corrected, and the
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Input layer

Hidden layer

(13), preliminary calculations are carried out, and the number
of hidden layer nodes is changed and tested repeatedly.
Finally, the number of hidden layer nodes is determined to be
11.

Output layer

𝑝 = √𝑛 + 𝑚 + 𝑎

Figure 19: BP neural network structure.
input
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Transfer function
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y


threshold

Figure 20: Artificial neuron model.

network parameters, such as the weight and the threshold
value (see Figure 20), are also adjusted to enable the network
to approach the desired mapping relationship between the
input and output.

(13)

where p is the number of hidden layer nodes; n is the
number of input nodes; m is the number of output nodes; and
a∈(1, 10).
Thus an adaptive BP neural network model of 8-113 structure is obtained, and Figure 20 shows the artificial
neuron model. The S type tangent function (Tansig) is
selected for the transfer function of the hidden layer neurons,
and the S type logarithmic function (logsig) is selected for the
output layer neuron transfer function. Levenberg-Marquart’s
improved algorithm is used as the learning algorithm. The
maximum number of training steps is 1000, the target error
is 1e-6, and the performance parameter is 0.001.
3.3.2. Determination of Samples. After the signal analysis and
features selection in Section 3.2, 8 dimensional-81 groups of
feature-sample set are formed. This work selects 54 groups of
samples as a training set and 27 groups of samples as a test
set.
The range of numerical values of different types of features
in the samples is inconsistent, so we need to normalize the
sample set with MATLAB and to limit the numerical values
of different types of features in the range of (-1, 1) according
to
𝑦=

(𝑦max − 𝑦min ) × (𝑥 − 𝑥min )
+ 𝑦min
𝑥max − 𝑥min

(14)

3.3.1. The Establishment of Adaptive BP Neural Network
Model. The establishment of adaptive BP neural network
model mainly includes the determination of the number of
nodes in the input, hidden and output layer, selection of the
transfer function, the training algorithm, and the setting of
the target error.

where y𝑚𝑎𝑥 =1, y𝑚𝑖𝑛 = -1; x and y are feature values to be
normalized and the corresponding value after normalization,
respectively; x𝑚𝑎𝑥 and x𝑚𝑖𝑛 are the maximum and minimum
values of the features to be normalized, respectively.

(1) The Number of Input Layer Nodes. The number of input
layer nodes of the BP neural network is equal to the dimension of the input vector. Because 8 features are retained after
the feature selection, so the number of the input layer nodes
is 8.

3.3.3. Training Results of Adaptive BP Neural Networks. Fiftyfour groups of sample data in training set are input into
adaptive BP neural network model for training and learning.
Figure 21 shows the training state diagram of the BP neural
network. It can be seen from Figure 21 that the model reaches
the convergence precision at step 49.

(2) The Number of Output Layer Nodes. Since there are three
kinds of tool wear: initial wear, normal wear, and severe wear,
which are represented by binary numbers [1 0 0], [0 1 0],
and [0 0 1], respectively, so the number of the output layer
nodes is 3.
(3) The Number of Hidden Layer Nodes. The number of hidden
layer nodes determines the performance of the network
model. If the number is too small, then the division of
the model space is rough, and the network fault tolerance
performance and recognition ability are low; if the number
is too large, then the model space division is too fine, and
the network convergence speed is slow or not convergent,
and the training time is long. Based on the empirical formula

4. Results Analysis
Twenty-seven groups of test sample data are input into the
trained adaptive network model for testing, and the obtained
test results are presented in Table 10. From Table 10, we can
see that the recognition results of the network model contain
two incorrect outputs; hence the correct recognition rate is
u=25/27=92.59%. This indicates that the state recognition
model established by adaptive BP algorithm can better
accomplish the tool state recognition. If the first number
of the actual output value of adaptive BP neural network
is maximum, then the output shows [1 0 0], indicating that
the tool is in the initial wear state; if the second number is
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Table 10: Recognition results of cutting tool state.

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Tool wear state
Initial wear
Normal wear
Severe wear
Initial wear
Normal wear
Severe wear
Initial wear
Normal wear
Severe wear
Initial wear
Normal wear
Severe wear
Initial wear
Normal wear
Severe wear
Initial wear
Normal wear
Severe wear
Initial wear
Normal wear
Severe wear
Initial wear
Normal wear
Severe wear
Initial wear
Normal wear
Severe wear

Output
0.5000
0.9999
0.5000
0.5000
0.9999
0.5000
0.5000
0.9991
0.5000
0.5000
0.9999
0.5000
0.5000
0.9999
0.5000
0.7265
0.9615
0.5000
0.5000
0.9999
0.5000
0.6465
0.9999
0.5000
0.5000
0.9615
0.5000

0.9999
0.5000
0.5000
0.9999
0.5000
0.5000
0.9999
0.5000
0.5000
0.9998
0.5000
0.5000
0.8765
0.5000
0.5000
0.5003
0.5000
0.5000
0.9999
0.5000
0.5000
0.5003
0.5000
0.5000
0.9999
0.5000
0.5000

0.5000
0.5000
0.9998
0.5000
0.5000
0.9999
0.5000
0.5000
0.9999
0.5000
0.5000
0.9994
0.5000
0.5000
0.9999
0.5000
0.5000
0.9998
0.5000
0.5000
0.9999
0.5000
0.5000
0.9999
0.5000
0.5000
0.9998

gradient

10 −10
Mu = 1e-08, at epoch 49

mu

10 0
10−5

10−10
Validation Checks = 0, at epoch 49

val fail

2
0
5

10

15

20

25

30

35

Result judgment
Correct
Correct
Correct
Correct
Correct
Correct
Correct
Correct
Correct
Correct
Correct
Correct
Correct
Correct
Correct
Incorrect
Correct
Correct
Correct
Correct
Correct
Incorrect
Correct
Correct
Correct
Correct
Correct

This work systematically investigates the approaches of realizing a visual, intelligent, and real-time tool state monitoring
based on hybrid programming of LabVIEW and MATLAB.
Both the multitheories used in the study and the experimental
method can adapt to various machining processes and environments. The reasons are discussed as follows.
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Figure 21: Training state diagram of BP neural network.

maximum, the output is [0 1 0] and the tool is in the normal
wear state; and if the third number is maximum, the output
is [0 0 1] and the tool is in severe wear state.

(1) Advantages of Experimental Scheme. The experimental
objective is to obtain the mapping relations between the
tool wear and the measured physical signals that are able
to reflect the tool state in cutting processes. Therefore, the
determination of experimental factors is one of the key issues.
For this, the experimental scheme is designed according to
the specifications of the machine tools used in this work.
Except some fixed factors affecting the signals such as the
machining environment and cutting tool parameters, other
variable factors such as cutting parameters including the
cutting speed, the feed rate, the depth of cut, and tool wear
are determined, among which three VB values of the tool
flank wear corresponding to the indices of general tool wear
criterions, sharp tool stage (initial wear), normal working
stage (normal wear), and worn out stage (severe wear), are
taken into account, as presented in Tables 2 and 3. Based on
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this scheme, all-factors experiments are conducted, which is a
very important aspect for obtaining the sufficient data of the
later task on modeling and recognition of the neural network.
Hence, there are four factors and each factor has three levels
thereby 34 =81 groups of experiments.
Secondly, tool state monitoring involves a variety of
sensors and signal analysis techniques, and the selection of
the suitable sensors is the second key issue. Due to the nature
of manufacturing processes, the signals are usually nonstationary, which often contain both high and low frequency
components. Therefore, bisensors, i.e., vibration acceleration sensor and AE sensor, are simultaneously selected for
measuring the low frequency vibration signal and higher
frequency AE signal in this work. Therefore, the advantages of
bisensors lie in that they can sensitively and entirely reflect the
tool state in real time and are suitable for monitoring different
machining processes.
(2) Signiﬁcance of Dual Feature Extraction of Signals. This
work extracts the signal features that are most relevant with
the tool state by the use of the method fusion of wavelet
theory and Relief-F algorithm. The reason is that dual feature
extraction of signals can achieve the dual effects of finding out
the most relevant features and feature dimension reduction.
Wavelet analysis has good localization property in both time
domain and frequency domain and permits adaptive timefrequency representation. Dividing the frequency band into
multiple levels can improve frequency resolution of both high
and low frequencies. Through the signal analyses of 81 groups
of experimental sample data in three tool states (initial wear,
normal wear, and severe wear), 4 levels of wavelet packet
decompositions of the vibration signal and the 8 levels of
wavelet multiresolution decompositions of the AE signals can
satisfy the requirement of the frequency resolution and 31
characteristics for each group of signal data are extracted, as
listed in Table 8. However, some characteristics are useless
in Table 8, which not only increase the computation, but
also affect the state recognition effect. Therefore, feature
reextraction using Relief-F algorithm is carried out to select
a few features that are the most correlated with the tool
state. Figure 18 shows the histogram for the averaged 30
calculation results of each feature weight. From Figure 18
and Table 9, we can see that the sequence numbers of the
feature vectors are 7, 28, 30, 3, 18, 9, 26, and 14 after the
Relief-F algorithm calculations. Therefore, by the inspection
of Table 8, they are 8 corresponding features including frequency bands A4, A6, A11, A15, the root mean square of the
vibration signal, and frequency bands D2, D4, and D6 of AE
signal. That is, the number of features is reduced from 31 to
8.
(3) Success Rate of State Recognition Using BP Neural Network.
In this investigation, it is found that the number of hidden
layer nodes is one of BP network training conditions determining the success of network recognition. The number of
hidden nodes is changed and tested repeatedly after the initial
calculation using the empirical formula (13). The network is
trained by the training sample set of the input. During the
training process, the network parameters, such as the weight
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and the threshold value, also need to be adjusted to enable
the network to approach the desired mapping relationship
between the input and output. This work selects 54 groups
of samples as a training set and 27 groups of samples as a
test set. It can be seen from Figure 21 that the adaptive BP
neural network model for training and learning reaches the
convergence precision at step 49. Test results show that the
correct recognition rate can reach 92.59%.

6. Conclusions
A tool wear monitoring through hybrid programming technique of LabVIEW and MATLAB is accomplished, which
can more accurately complete the intelligent and real-time
recognition of the tool state with the correct recognition rate
of 92.59%.
Vibration and AE signals are ideal signals for tool monitoring. Bisensor fusion can collect both the relatively low
frequency of the vibration signal and the high frequency of
AE signal and thus can sensitively and entirely reflect the tool
state in real time.
The method fusion of wavelet decompositions and reliefF algorithm can achieve dual extraction of signal features and
feature dimension reduction, such that computation is fast
and real-time performance is good. The results show that the
number of features that are relevant with the tool wear state
is reduced from 31 of each group of signal data to 8, which
are of the frequency bands most relevant to tool wear states
including A4 (2.4-3.2 KHz), A6 (4-4.8 KHz), A11 (8-8.8 KHz),
A15 (11.2-12 KHz) of vibration signal and D2 (125-250 KHz),
D4 (31.25-62.5 KHz), and D6 (7.8-15.6 KHz) of AE signal.
Obviously vibration signal and AE signal can complement
each other in tool wear monitoring.
The tool wear monitoring method shows the generality.
This is because the experimental scheme, hybrid programming technique, the dual feature extraction, and BP network
recognition model in this work have generality, which can
be applied to any other different machining operations such
as milling, drilling, boring, forming, and shaping, combined
with different cutting tools including single point tool (shaping) and multipoint tool (milling, drilling) in machining any
kinds of workpiece materials. This can be accomplished only
through changing the installation locations of the vibration
and AE sensors. If necessary, the sampling parameters can
easily be set in the system and can reextract the different
features by implementing the Relief-F algorithm and can also
reset the parameters of the BP neural network.
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In this paper we consider the complexity problem in electronics production process. Particularly, we investigate the ways to reduce
sensitivity of transmission line characteristics to their parameter variations. The reduction is shown for the per-unit-length delay
and characteristic impedance of several modifications of microstrip transmission lines. It can be obtained by means of making an
optimal choice of parameter values, enabling proper electric field redistribution in the air and the substrate. To achieve this aim we
used an effective simulation technique and software tools. Taken together, for the first time, they have allowed formulating general
approach which is relevant to solve a wide range of similar tasks.

1. Introduction
Electronics is more and more widely used in human life.
Complexity of electronics is continuously increasing. It
results in increasing the number of electronics parameters.
Unfortunately, the parameters undergo undesirable variations caused by the manufacturing process. As undesirable
results, we obtain the reduced yield ratio in mass production
and the reduced quality of a product or the increased production cycle due to necessity of a product to be redesigned
or reproduced.
To treat the problem we can consider two main parts
of the problem: concerning electronic components and supporting structures for their packaging. As for components,
their nomenclature is very wide. Nevertheless, a great attention is paid to ensure their tolerance. As for supporting
structures, their number is very small (a printed circuit board
(PCB), an integrated circuit (IC), and a chip). The most
popular structure is a PCB, while an IC and a chip can be
considered as dedicated to electronic components, especially
due to the recent trends of system-in-package (SiP) and
system-on-chip (SoC) designs. Thus, a PCB is becoming the
main concern of a designer, while a microstrip-like-lines are

the main paths for signal propagation in PCBs and even ICs
and chips as well. Therefore, to assure stable characteristics of
the lines are an important task, the importance is illustrated
by a representative example in Figure 1 [1]. One can see that
a PCB line impedance value, for example, calculated as 55
Ω can really be 45 Ω or 65 Ω. Thus, it is important to seek
new ways to minimize sensitivity of critical characteristics of
PCB transmission lines. Besides, proper tools for multiple,
but quick and accurate, calculations of the characteristics are
necessary.
With increasing requirements to electronics characteristics it is necessary to have transmission lines with more stable
per-unit-length delay (𝜏) and characteristic impedance (Z).
In turn, it leads to the necessity of detailed simulation and
investigation of these characteristics.
One of the most widely used high-speed signal transmission lines is a microstrip line (MSL) [2]. The sensitivity of MSL characteristics has been a subject of extensive
considerations since the appearance of MSLs and is still a
matter of great importance. Particularly, variations of strip
thickness and width as the most appropriate parameters to be
controlled by a designer in practice have been considered in
[3] and are being considered in [4]. (As opposed to sensitivity
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Figure 1: Comparison of measured (ZM ) and calculated (ZC )
impedance values for 186 test line samples of various cross-sections
[1].

minimization, considerable modifications have also been
proposed in order to increase the defined characteristics.
For example, a slot in the ground plane increases the MSL
characteristic impedance and can be properly used in a
filter [5]. To accelerate the process of simulating such MSL
characteristics, the analytic expressions have been proposed
[6].)
However the possibilities to minimize the sensitivity
of MSL characteristics are limited by the simplicity of the
classical MSL construction. Therefore, various modifications
of an MSL, such as suspended and inverted microstrip lines,
allowing zero sensitivity of 𝜏 and Z, are considered. For
example, a detailed study of sensitivity for a particular case of
an air gap between a substrate and a ground plane has been
considered [7]. A more general case of a nonair dielectric
layer between a substrate and a ground plane has also shown
possibilities to minimize the sensitivity to changes in the
thickness of dielectric layers [8]. In the multilayer PCBs,
the varieties of MSLs, for example, MSLs with polygons on
different layers which allow obtaining a stable value of the 𝜏,
are used [9]. Similar possibilities are revealed in MSL with
side grounded conductors located over the substrate [10] and
buried in the substrate [11]. The possibility of minimizing
the sensitivity arises from electric field redistribution in the
layers of the air and the substrate. Similar phenomena occur
in the case of placing an additional grounded conductor
over a usual MSL and in the case of a totally shielded MSL
[12].
To obtain necessary characteristics of a structure, it is
required to carry out a multivariate analysis in the range
of parameter variations. However, for a structure of an
arbitrary cross-section, the quick and accurate expressions
are not available. Therefore, it is necessary to use numerical
methods, wherein the main costs fall on a multiple linear
algebraic systems solution. In this case, depending on the
type of the problem, only the matrix or the matrix and the

𝑘 = 1, 2, . . . , 𝑚,

(1)

where A𝑘 are nonsingular matrices, b𝑘 are corresponding
right-hand sides, k is a sequence number of linear system,
and m is the number of linear systems to be solved. To
solve sequence (1), iterative methods with preconditioning
are often used. However, calculating the preconditioner and
using it in solving sequence (1) are significantly different,
compared to solving one linear system.
The first approach to solving sequence (1) is recomputing
a preconditioner for each matrix of this sequence from
scratch [13]. However, computational costs increase significantly, which does not make it effective. The second approach
is based on the use of a frozen preconditioner, calculated from
the first matrix of sequence (1) and used to solve subsequent
linear systems. This approach has found wide application in
solving nonlinear equation problems [14–16]. Obviously, this
approach has less computational complexity, but in practice
there are often situations when the solution of the current
linear system cannot be obtained due to the stagnation of the
iterative process. First of all, this is due to the fact that matrixto-matrix changes of sequence (1) are significant and the
application of a frozen preconditioner becomes ineffective.
Therefore, the process of updating the preconditioner is
widespread. The remaining approaches contain features of
the two described. The third approach lies in updating
the preconditioner obtained from the matrix of one of the
systems (seed preconditioner), and repeated when necessary.
This approach has proven itself in solving the sequences
of shifted systems which emerge in problems of numerical
optimization and solutions of nonlinear equations performed
by the methods of Newtonian type [17–19]. Papers [20–
22] were devoted to developing the approaches for updating incomplete LDLT -decomposition of matrix A, which
is used to form a preconditioner. Then, these approaches
were generalized on the case of nonsymmetric matrices with
updating the preconditioner periodically or before solving
the current system. The last approach is based on the adaptive
use of information about the Krylov subspaces obtained on
the previous steps (recycling of Krylov subspaces) [23–25].
Therefore, there exist appropriate algorithms which can be
used (per se or after some additional modifications) to perform accelerated simulations of transmission line structures.
Thus, it is useful to analyze the results obtained as well as
the techniques and the tools used for these studies. The aim
of this paper is to propose a general approach to solving the
complexity problem in electronics production process based
on the summary of the recent studies devoted to minimizing
the sensitivity of microstrip-like lines characteristics to variations of their parameters.

2. Structures and Approach for Investigation
Various modifications of the MSL under study are presented
in Figures 2–4.
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Figure 2: Cross-sections of covered (a) and shielded (b) MSLs.
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Figure 3: Cross-sections of MSLs with side grounded conductors in air (a) and dipped in substrate (b).
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Figure 4: Cross-sections of MSLs with side grounded conductors above (a), among (b), and under (c) air–substrate boundary.

The values of the characteristics (𝜏 and Z) of the investigated lines from Figures 2–4 were calculated by the known
formulas:
𝜏=
𝑍=

(𝐶/𝐶0 )
V0
1

0.5

,
(2)
0.5

(V0 (𝐶𝐶0 ) )

where v0 is the speed of light in a vacuum; C and 𝐶0 are signal
strip diagonal entries of per-unit-length coefficient matrix of
electrostatic induction in the real dielectric filling and in the
air.
The investigation of a microstrip structure of various
characteristics, especially in the first stage should be performed through simulation, as it is less costly and may be
more accurate than measurements. In this regard, in this
work, the construction of cross-sections and calculations are

performed in the TALGAT system available to the authors
[28]. Strict full-wave analysis of fields in the investigated lines
is rather complicated. This is due to the inhomogeneity of the
dielectric medium over the section of the line. As a result,
part of the field is concentrated in the dielectric substrate and
the rest in the air. Therefore, not pure TEM-mode but quasiTEM-mode propagates in the lines.
Before using any software, one must validate it properly
by using simulation and measurements. However, in case of
coupled transmission lines, the off-diagonal coefficients of
a per-unit-length matrix have large (up to 25%) error [29].
Therefore, one can use computations by several numerical
methods. Indicative examples of such approach are shown
in Table 1 [29]. It demonstrates the mentioned large measurement error and the close results of numerical methods.
The method of moments (MoM) is the most widely used
and tested method among them. Thus, we used the MoM
implemented in the TALGAT system. In order to test it, we
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Table 1: Results of simulation by Green’s Function Method (GFM), Method of Moments (MoM) and Variational Method (VM) and
measurement (pF/cm).
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Results
GFM
MoM
VM
Measured
GFM
MoM
VM
Measured
GFM
MoM
VM
Measured
GFM
MoM
VM
Measured
GFM
MoM
VM
Measured

computed the per-unit-length matrices of various structures,
for which there exist published original and obtained results.
Firstly, we compared results for a simple case of 2 coupled
strips on a substrate [26] shown in Table 2. However, we
consider the cases of side dielectric walls becoming closer to
side strip edges and the similar cases without side dielectric
walls (Table 2). Maximum errors are 1.4% for diagonal and
8.1% for off-diagonal values. The coincidence is satisfactory.
Then, we considered the same 3 strips of various positions
in a two-layer dielectric medium [27] (Table 3). Comparison
of our results and the results obtained with the use of integral
equation method showed maximum error 8.8% for C and
0.8% for L entries. The coincidence is also satisfactory for this
more complex structure.
Thus, the performed comparisons showed satisfactory
coincidence of the results and the relevance of the TALGAT
system for computing per-unit-length matrices for structures
of various complexities. Meanwhile, for final testing, one
can compare a time response of a structure. There exist
indicative and commonly available examples comparing the
TALGAT system results with the measurement [30, 31] and
electromagnetic analysis [32] results being omitted here.
We are using several approaches to reduce the computational complexity of the analysis. The main feature

C11
5.61
5.62
5.64
5.59±0.06
3.78
3.78
3.78
3.69±0.04
2.66
2.65
2.67
2.64±0.03
2.77
2.76
2.77
2.75±0.30
3.00
2.99
2.96
2.95±0.03

–C12
0.77
0.76
0.68
0.62±0.15
0.70
0.70
0.63
0.38±0.10
0.29
0.30
0.24
0.20±0.05
0.59
0.60
0.53
0.48±0.12
0.97
0.97
0.94
0.92±0.23

of these approaches is the use of iterative methods. So,
when solving the first linear system, we calculated a proper
preconditioner. This preconditioner (frozen) is used to solve
subsequent linear systems. At the same time, the use of
the previous system solution as the initial guess is more
preferable than the fixed initial guess [33]. However, as the
differences between the matrices increase, the preconditioner
efficiency decreases. Therefore, updating or recomputing the
preconditioner is needed. We use the second approach. For
this purpose we developed methods of adaptive recomputing preconditioner based on the threshold of the number
of iterations [33], the average arithmetic complexity [34],
and the average solution time [35]. Recomputation of the
preconditioner is not necessary if the seed matrix for calculating the preconditioner has been selected properly. In
this case, the choice of a seed matrix from the middle of the
sequence linear systems allows us to accelerate the overall
solution without recomputing the preconditioner. Another
very simple way to accelerate the solution is to choose the
solution order. So, it was shown that the reverse (from the
highest value of the parameter being varied to the smallest)
order comparing to the direct (from the lowest value of the
parameter being varied to the largest) order is more preferable
[36].
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Table 2: Comparison of computed entries of matrix C.
r =1

d

4.0

2.0

0.5

0

3

1
3

2

d
1

C11

Results

6.0

1

d
r =2

Result [26], pF/m
Our result, pF/m
Error, %
Result [26], pF/m
Our result, pF/m
Error, %
Result [26], pF/m
Our result, pF/m
Error, %
Result [26], pF/m
Our result, pF/m
Error, %
Result [26], pF/m
Our result, pF/m
Error, %

–C12

Without walls
92.36
91.11
–1.3
92.44
91.15
–1.4
92.40
91.15
–1.3
91.44
90.73
–0.7
89.68
89.34
–0.3

With walls
92.05
91.11
–1.0
92.14
91.14
–1.1
92.10
91.08
–1.1
90.50
89.88
–0.7
87.97
87.68
0.3

Without walls
8.494
9.162
7.8
8.506
9.167
7.7
8.539
9.179
7.5
8.595
9.185
6.8
8.603
9.146
6.2

With walls
8.473
9.162
8.1
8.485
9.168
8.0
8.517
9.182
7.8
8.565
9.184
7.2
8.569
9.146
6.7

Table 3: Comparison of computed C (pF/m) and L (nH/m) entries for 3 strips of various positions in a two-layer dielectric medium.
r =1
r =3.2

70

150
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350 150

r =4.3

200

Results

C11

–C21

–C31

C22

–C32

C33

Result [27]

142.1

21.7

0.9

93.5

18.1

88.0

Our result

143.6

19.8

0.9

88.6

17.7

83.1

1.1

–8.8

0

–5.2

–2.2

–5.6

Error, %
Results

L11

L21

L31

L22

L32

L33

Result [27]

277.7

87.8

36.8

328.6

115.8

338.0

Our result

279.4

87.6

36.5

330.7

115.5

339.0

0.6

–0.2

–0.8

0.6

–0.3

0.3

Error, %

3. Results of Calculations
3.1. An MSL Covered with a Grounded Conductor and a
Shielded MSL. Constant parameters for the line in Figures
2(a) and 2(b) are strip thickness t=18 𝜇m, substrate thickness
h=1 mm, and relative dielectric constant of the substrate
𝜀r =4.5 (fiberglass).
For Figure 2(a) dependencies of 𝜏 on the height grounded
conductor (h1) above the substrate at different values of the
strip width (w) are shown in Figure 5(a). A characteristic
feature of the dependencies is their intercrossing. Thus, at the
beginning of the range of h1, the increase of w decreases 𝜏 and
at the end increases. In the middle of the range (at h1=0.5–0.8
mm) there will be a minimal (up to zero) sensitivity of 𝜏 to the
variation of w. It is also remarkable that the sensitivity of 𝜏 to
the variation of h1 decreases with the decrease of w. Similar

dependencies for Z are shown in Figure 5(b). They increase
monotonically and do not intercross.
For Figure 2(b), the characteristics were preliminarily
simulated at a distance from the side walls to the strip (d)
equal to w for w=0.1 mm for segment lengths of 10, 5, 2.5,
1.25 𝜇m (with the uniform segmentation of the boundaries
of conductors and dielectrics). The results analysis showed a
consequent increase in the 𝜏 value with deviations of 0.4, 0.3,
and 0.1% and a decrease in the Z value by 0.7, 0.4, and 0.1%,
respectively. Subsequent calculations were performed with a
segment length of 10 𝜇m, providing an acceptable error of
less than 0.7%. The dependencies of 𝜏 and Z on the height
of the cover above the substrate (h1) at different values of w
for the distance from the side walls to the strip d=w, 3w are
shown in Figures 6 and 7. The analysis of the dependencies
in Figures 6(a) and 7(a) shows that upon varying h1 in the
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entire range, when the strip is widest (w=0.6, 0.9, 1.2, 1.5 mm),
the value of 𝜏 increases monotonically, and when the width
of the strip is small (w=0.1, 0.2, 0.3 mm), the zero sensitivity
of 𝜏 to the variation of h1 is observed, in almost entire
range. Dependencies over w=0.6; 0.9; 1.2; 1.5 mm intercross
at one point (h1=0.9 mm); i.e., at this point there will be
zero sensitivity of 𝜏 to the change of w. As w decreases to
0.1 mm, the intercrossing point of the dependencies shifts
to h1=0.2 mm. In Figures 6(b) and 7(b) the corresponding

dependences for Z are shown. They behave similarly to the
dependencies for 𝜏, also showing the possibility of obtaining
zero sensitivity to changes in h1 and w. This fact has special
practical importance because the stability of Z is critical for
many applications.
Consider the influence of the side walls on the calculated
characteristics. Quantitative estimates can be done from the
comparison of the relevant dependencies from Figures 5, 6,
and 7. Meanwhile, the comparison with the dependencies for

Complexity

7

5.3

100

, ns/m

5.2
5.1

90

5.0

80

4.9

70

4.8
4.7

60

4.6

50

4.5
4.4

Z,Ω

s , mm
0.1

0.5

0.9

40

s , mm
0.1

0.5

(a)

0.9

(b)

Figure 8: Dependencies of 𝜏 (a) and Z (b) on s with h1=0.1 (◊); 0.2 (◻); 0.3 (); 0.4 (×); 0.5 (◻); 0.6 (I); 0.7 (+); 0.8 (-); 0.9(–) mm for
Figure 3(a).
5.3
5.2

, ns/m
90

5.1
5.0

Z,Ω

80

4.9
4.8

70

4.7

60

4.6
4.5

50

4.4

s , mm

4.3
0.1

0.5

0.9

(a)

40

s , mm
0.1

0.5

0.9

(b)

Figure 9: Dependencies of 𝜏 (a) and Z (b) on s with h1=0.1 (◊); 0.12 (◻); 0.14 (); 0.16 (×); 0.18 (◻); 0.2 (I) mm for Figure 3(a)

the covered MSL (without side walls) of the same parameters
allows us to assume that it is the presence of side walls, by
increasing the edge capacitances, that gives the possibility of
obtaining zero sensitivity of 𝜏 and Z over a wide range of
values of h1.
3.2. MSLs with Side Grounded Conductors. Consider the
results for various modifications of MSLs with side grounded
conductors (Figures 3 and 4). To build these structures we
chose the following cross-sectional parameters (they are close
to typical): the width of the signal conductor is w=0.3 mm,
the thickness of the signal and side grounded conductors
is t=18 𝜇m, the width of the side conductors is w1=1 mm,
the thickness of the dielectric substrate is h=1 mm, and the
relative permittivity of the substrate is 𝜀r =4.5.
In the TALGAT software we built the geometric models
of the line cross-section and calculated (using the method of
moments) the matrices (3×3) of per-unit-length coefficients
of electrostatic induction, taking into account the dielectric
as well as ignoring it. Calculations were performed, changing
the distance (2s+w) between the side conductors located in
the air, for h1=0.1–0.9 mm (with a segment length of 5 𝜇m for
Figure 3(a)). It can be seen from Figure 8 that with increasing

s the values of 𝜏 and Z smoothly increase. At low values of
h1 and s, changes in 𝜏 and Z are more pronounced, and an
increase in h1 leads to an increase in the values of 𝜏 and Z.
The approaching of the side conductors to the air–substrate
boundary has a special effect on the characteristics of 𝜏: for
small values of h1, the characteristics intersect. Therefore,
we performed similar calculations for h1=0.1–0.2 mm with a
step of 0.02 mm (Figure 9). One can see a similar behavior
of dependencies for small s. However, at s=0.5–0.9 mm, the
minimum (close to zero) sensitivity of 𝜏 to the change in h1 is
revealed, which can be used to obtain a stable delay.
For Figure 3(b) we performed calculations for the change
of distance between the side conductors (s), dipped in the
substrate, for the height of the side conductors h1=0.1–0.9 mm
(Figure 10). It is seen that with the increase of s, the value
of 𝜏 gradually decreases, while Z increases. At low values of
h1, the changes of 𝜏 and Z are small, but the growth of h1
leads to an increase in the value of 𝜏 and a decrease in the
value of Z, while at small values of s the changes of 𝜏 and Z
are more significant. Additionally, we performed simulation
with a smaller step near the air–substrate interface: for h1=0.8;
0.82; 0.84; 0.86; 0.88; 0.9 mm (Figure 11). The analysis of
Figure 11 shows a similar behavior of dependencies, but
it reveals its specific character as well. It is expressed in
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the increased influence of the side conductors when they
approach the air–substrate interface for low values of s. When
s=0.1 mm, the value of 𝜏 increases from 5.56 to 5.82 ns/m.
We noticed that, for large values of s, the approaching of
the side conductors to the air–substrate boundary does not
increase but, instead, decreases the values of 𝜏. When s=0.6
mm, this decrease is maximal and is from 5.33 ns/m to 5.29
ns/m. When s=0.38 mm, the change of h1 value in the whole
range hardly ever changes the values of 𝜏 and, therefore, zero
sensitivity of 𝜏 to changes of h1 is possible. Thus, we can obtain
the required Z value in the range from 48 to 59 Ω by changing
the value of h1.
As s increases, the values of 𝜏 (Figure 12(a)) and Z
(Figure 12(b)) gradually increase, but the change of 𝜏 is much
smaller. The deepening of grounded conductors reduces the
sensitivity of 𝜏 to changes in s. The change of 𝜏 over the
entire range of s is less than 2%. It can be assumed that with
certain parameters of MSLs, their sensitivity can be reduced
to zero. In this regard, in addition to t=18 𝜇m, the values of
𝜏 and Z are calculated for typical values of the thickness of
the conductors (t=35, 70, 105 𝜇m) as s varies (Figures 13–15).
Consider first the graphs for 𝜏 (Figures 13(a), 14(a), and 15(a)).
With the increase of s, the value of 𝜏 smoothly increases, but

not in all cases. Thus, the deepening of grounded conductors
reduces the sensitivity of 𝜏 to changes in s, and even more,
with increasing the thickness of the conductors, down to
zero sensitivity of 𝜏. It can be assumed that with certain
parameters of MSLs, the sensitivity can be reduced to almost
zero in a wide range of s values. For example, the value of
𝜏 for Figure 3(b) at t=35 𝜇m (Figure 13(a)) is changed only
by 0.8%. The graphs for 𝜏 at t=105 𝜇m (Figure 15(a)) are also
indicative, since the graph for 𝜏, with the deepening of the
lateral conductors, turns from monotonously increasing into
monotonously decreasing. It is obvious that there is such a
value of the deepening of the conductors, at which the graph
for 𝜏 will look very much like a horizontal straight line in the
maximum range of s values. The analysis of the graphs for Z
(Figures 12(b), 13(b), 14(b), and 15(b)) shows a slight influence
of the position of the lateral conductors. Thus, it becomes
possible to choose the line parameters to get the required Z
value with the minimum sensitivity of 𝜏 to the variations of s.

4. Conclusion
We have presented the systematic results of our study into
the values of 𝜏 and Z of modified MSLs. Comparison of the
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MSL covered with a grounded conductor and the shielded
MSL showed that the presence of side walls, by increasing the
edge capacitances, allows minimal sensitivity in a wide range
of upper conductor height values. For the MSL with side
grounded conductors, their proximity to the air–substrate
interface has a special influence on the characteristics under
study. In particular, it becomes possible to select the line

parameters to get the required Z value with the minimum
sensitivity of 𝜏 to the change in s. In addition, we revealed the
possibility of zero sensitivity of 𝜏 to the change in the distance
between the grounded conductors and the air–substrate
interface when a given value of Z is obtained.
The presented results have been obtained for particular
values of line parameters. However, it is easy to obtain similar
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dependencies for other values of the parameters and even
other parameters. Besides, transmission lines with arbitrary
number and shapes of conductors and dielectrics can be
studied easily [28] to manufacture transmission lines with
stable characteristics.
For multiple calculations, a lot of described accelerations
of linear system solutions can be effectively used. In this
paper, for quick estimations, we have used calculations
of transmission line parameters only. However, for more
comprehensive analysis, you can calculate the frequency or
time response and use optimization by genetic algorithms
similarly to [37].
Thus, taken together, for the first time, the abovementioned techniques form a general approach to solving
complexity problem in the electronics production process
through the reduction of sensitivity of transmission line
characteristics to their parameter variations. Versatility of
the approach allows solving a wide range of tasks similar to
considered examples.
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This paper considers the multiobjective scheduling of flexible manufacturing systems (FMSs). Due to high degrees of route flexibility
and resource sharing, deadlocks often exhibit in FMSs. Manufacturing tasks cannot be finished if any deadlock appears. For solving
such problem, this work develops a deadlock-free multiobjective evolutionary algorithm based on decomposition (DMOEA/D). It
intends to minimize three objective functions, i.e., makespan, mean flow time, and mean tardiness time. The proposed algorithm
can decompose a multiobjective scheduling problem into a certain number of scalar subproblems and solves all the subproblems in
a single run. A type of a discrete differential evolution (DDE) algorithm is also developed for solving each subproblem. The mutation
operator of the proposed DDE is based on the hamming distance of two randomly selected solutions, while the crossover operator
is based on Generalization of Order Crossover. Experimental results demonstrate that the proposed DMOEA/D can significantly
outperform a Pareto domination-based algorithm DNSGA-II for both 2-objective and 3-objective problems on the studied FMSs.

1. Introduction
The multiobjective optimization problem (MOP, the abbreviations and their meanings are given in Table 1) is an
optimization problem that may have a number of conflicting
objectives to be considered, and decision-makers need to
determine an optimal trade-off among the objectives. This
problem presents in many real-life applications [1–4]. A
Pareto optimal solution to an MOP is a candidate for the
optimal trade-off [5]. Most MOPs have a lot of or even
an infinite number of Pareto optimal solutions, and the set
of all the Pareto optimal solutions in the objective space
is called as Pareto front (PF). The decision-makers desire
a fair approximation to the PF to make final decisions.
Multiobjective evolutionary algorithms (MOEAs) work with
populations of candidate solutions to MOPs and therefore are
able to find good approximations to the PF in a single run.
To produce Pareto optimal vectors that are distributed
evenly along the PF and therefore can approximate the
PF, many MOEAs evaluate the solutions based on Pareto
domination like SPEA2 [6] and NSGA-II [7]. Multiobjective

evolutionary algorithm based on decomposition (MOEA/D)
[8], which decomposes an MOP into a number of singleobjective subproblems, is another effective MOEA framework. In an MOEA/D, the objective to each subproblem
is a weighted aggregation of some individual objectives.
Based on the distances between the weighted aggregation
vectors, the neighborhood relationships among the subproblems can be found out. Each subproblem is then solved
according to the information mainly from the neighboring
subproblems. There are a few significant studies that apply
it in dealing with multiobjective problems in different areas.
Chen et al. [9] proposed a multiobjective discrete method
called MODTLBO/D for solving the community detection
problem of complex networks. They adopted a multiobjective decomposition method and introduced a neighborbased mutation. For multiobjective job shop scheduling
problem, Zhao et al. [10] developed an improved multiobjective evolutionary algorithm based on decomposition
(IMOEA/D). Experimental results demonstrate that their
IMOEA/D can converge better than Pareto dominance-based
MOEAs.
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Table 1: Descriptions of abbreviations.

Abbreviation
MOP
PF
MOEA
SPEA2
NSGA-II
MOEA/D
MODTLBO/D
IMOEA/D
FMS
AGV
PN

Description
Multi-objective optimization
problem
Pareto front
Multi-objective evolutionary
algorithm
Improving the strength Pareto
evolutionary algorithm
Nondominated sorting genetic
algorithm II
MOEA based on decomposition
Multi-objective discrete
teaching-learning-based
optimization with decomposition
Improved MOEA/D
Flexible manufacturing system
Automated guided vehicle
Petri net

Abbreviation

Description

DE

Differential evolution

DDE

Discrete differential evolution

GOX

Generalization of order crossover

PNS

Petri net for scheduling

DAP

Deadlock avoidance policy

EP

External population

S3 PRs

Systems of simple sequential processes with resources

DNSGA-II
NPS
MID
RAS

Deadlock-free NSGA-II
Number of Pareto solutions
Mean ideal distance
Rate of achievement to objectives simultaneously

A flexible manufacturing system (FMS) is a computercontrolled manufacturing system that is comprised of finite
resources and can process multitypes of jobs. Different from
the traditional production environments such as job shops
and flow shops, FMSs often encounter deadlock problems
due to high degrees of route flexibility and resource sharing.
Once a deadlock appears, the whole or partial system will be
indefinitely blocked and cannot finish manufacturing tasks.
Developing effective control and scheduling approaches to
avoid deadlocks while optimizing the performance of the
system is of paramount importance in practice.
Scheduling of FMSs contains both deadlock control and
optimization of objectives and therefore is more difficult. A
few works have been published on this area [4, 11–23]. Most
of them involve deadlock problems and some also concerns
different optimization objectives such as the back-tracking
and distance travel of AGVs [4], AGV’s fleet size [11], and total
energy consumption [21, 22]. However, none of them takes
multiobjective optimization into consideration.
This work addresses the multiobjective scheduling problem of deadlock-prone FMSs for the first time and proposes
a deadlock-free multiobjective evolutionary algorithm based
on decomposition (DMOEA/D) and Petri net (PN) models. Our DMOEA/D can decompose a multiobjective FMS
scheduling problem into several single-objective subproblems and optimizes all the subproblems in a single run by
evolving a population of solutions. In each generation, a
solution for solving a subproblem is reproduced by a new
proposed discrete differential evolution (DDE) algorithm.
In DDE, the mutation operator is based on the hamming
distance between two randomly selected solutions. The Generalization of Order Crossover (GOX) [24] is used as the
crossover operator. Two illustrated examples are used to
demonstrate the efficiency of the proposed algorithm. Since
there is no work reported for the multiobjective scheduling of
FMSs considering deadlock situations, we just compare our

proposed DMOEA/D with a NSGA-II based MOEA on these
examples.
This work presents an effective approach for organizations and production managers to enhance their competitiveness in manufacturing versatile, route-flexible, and
time-critical productions concerning two or more different
scheduling objectives.
The rest of the paper is organized as follows. Section 2
introduces the FMSs studied in the paper and their Petri net
models and defines the considered multiobjective scheduling
problem. Section 3 introduces some basics of MOEA/D and
DDE and develops a multiobjective scheduling algorithm
based on them. A performance comparison between two
developed scheduling algorithms is made, and the experimental results are show in Section 4. Section 5 concludes the
paper.

2. PN Models of FMSs
PN is a widely used mathematical tool for modeling the
dynamic behaviors of FMSs and many other manufacturing
systems [15–17, 25–27]. This section briefly introduces some
basics of PNs first and then the PN models of FMSs for
multiobjective scheduling. For more details of PNs, readers
may refer to [28].
2.1. Definitions of Petri Nets. Let Z0 = {0, 1, 2, . . .} and Z𝑘 =
{1, 2, . . . , 𝑘}. A marked PN is a 4-tuple 𝑁 = (𝑃, 𝑇, 𝐹, 𝑀0 ),
where P is a finite set of places, T is a finite set of transitions,
𝐹 ⊆ (𝑃×𝑇)∪(𝑇×𝑃) is the set of directed arcs, and 𝑀0 : 𝑃 →
Z0 is the initial marking of N. For a given node 𝑥 ∈ 𝑃 ∪ 𝑇,
its preset is defined as ∙ 𝑥 = {𝑦 ∈ 𝑃 ∪ 𝑇 | (𝑦, 𝑥) ∈ 𝐹} and
postset 𝑥∙ = {𝑦 ∈ 𝑃 ∪ 𝑇 | (𝑥, 𝑦) ∈ 𝐹}. Given a marking M and
a place 𝑝 ∈ 𝑃, denote M(p) as the number of tokens in p at
M. A string 𝛼 = 𝑥1 𝑥2 ⋅ ⋅ ⋅ 𝑥𝑘 is called a path in the PN, where
𝑥𝑖 ∈ 𝑃 ∪ 𝑇 and (𝑥𝑖 , 𝑥𝑖+1 ) ∈ 𝐹, 𝑖 ∈ Z𝑘−1 .
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A transition 𝑡 ∈ 𝑇 is enabled at M if ∀𝑝 ∈ ∙ 𝑡, 𝑀(𝑝) >
0, denoted as 𝑀[𝑡 >. An enabled transition t can fire at M,
yielding 𝑀 , denoted as 𝑀[𝑡 > 𝑀 , where 𝑀 (𝑝) = 𝑀(𝑝)−1,
∀𝑝 ∈ ∙ 𝑡\𝑡∙ , 𝑀 (𝑝) = 𝑀(𝑝) + 1, ∀𝑝 ∈ 𝑡∙ \∙ 𝑡, and otherwise
𝑀 (𝑝) = 𝑀(𝑝). A sequence of transitions 𝛼 = 𝑡1 𝑡2 ⋅ ⋅ ⋅ 𝑡𝑘 is
feasible from M if 𝑀𝑖 [𝑡𝑖 > 𝑀𝑖+1 holds for 𝑖 ∈ Z𝑘 , where 𝑀1 =
𝑀.
2.2. Placed Timed PN Models of FMSs. An FMS studied in
our work is comprised of m types of resources, denoted as
𝑅 = {𝑟𝑖 , 𝑖 ∈ Z𝑚 }, and is capable to process n types of jobs,
denoted as 𝑄 = {𝑞𝑗 , 𝑗 ∈ Z𝑛 }. More definitions and constraints
are described as follows:
(1) The number of type-qj jobs to be processed is 𝜑(𝑞𝑗 ),
and the total number of jobs is Φ = ∑𝑗∈Z𝑛 𝜑(𝑞𝑗 ).
(2) The capacity of type-ri resources is denoted as C(ri ),
which is a positive integer and marks the maximum
jobs that type ri resources can handle simultaneously.
(3) A processing route of a type-qj job, 𝑤𝑘 = 𝑜𝑘1 𝑜𝑘2 ⋅ ⋅ ⋅
𝑜𝑘𝑙(𝑤𝑘) , is a predefined sequence of operations, where
l(𝑤𝑘) is the total number of operations in route 𝑤𝑘 and
okl is the lth operation in 𝑤𝑘 . A job may be processed
on more than one route and can choose its routes
while processing. Let Ω = {𝑤𝑘 | 𝑘 ∈ Z|Ω| } be the
set of all processing routes and Ω𝑗 ⊆ Ω be the set of
routes for type-qj jobs, respectively.
(4) Each operation needs one unit resource, and any
two consecutive operations of a job need different
resource types. For operation okl , let R(okl ) denote the
resource needed for processing okl .
(5) The processing time d(okl ) for operation okl is predefined. Let c(okl ) denote the completion time of okl .
(6) No pre-emption is allowed.
Now we can establish a PN model for FMS considered in this
paper.
For type-qj jobs, let ojs and oje be two virtual operations
representing the storages of raw and processed type-qj jobs,
respectively. Operations ojs and oje do not need any resource.
Then, route 𝑤𝑘 with these two fictitious operations for type-qj
jobs can be defined as 𝑤𝑘 = 𝑜𝑗𝑠 𝑜𝑘1 𝑜𝑘2 ⋅ ⋅ ⋅ 𝑜𝑘𝑙(𝑤𝑘) 𝑜𝑗𝑒 . Identical
operations shared by different routes are merged as one
operation.
A processing route 𝑤𝑘 = 𝑜𝑗𝑠 𝑜𝑘1 𝑜𝑘2 ⋅ ⋅ ⋅ 𝑜𝑘𝑙(𝑤𝑘 ) 𝑜𝑗𝑒 in the
PN model is modelled as a path of places and transitions
𝑎𝑘 = 𝑝𝑗𝑠 𝑡𝑘1 𝑝𝑘1 𝑡𝑘2 𝑝𝑘2 ⋅ ⋅ ⋅ 𝑡𝑘𝑙 𝑝𝑘𝑙 ⋅ ⋅ ⋅ 𝑡𝑘𝑙(𝑤𝑘 ) 𝑝𝑘𝑙(𝑤𝑘 ) 𝑡𝑘(𝑙(𝑤𝑘 )+1) 𝑝𝑗𝑒 ,
where pjs and pje represent operations ojs and oje , respectively,
and pkl is an operation place that represents operation okl ; t kl
is a transition that indicates the start of okl and the completion
of 𝑜𝑘(𝑙−1). A token in operation place pkl means that operation
okl of a job is being processed. In these ways, the marked PN
model of processing routes for type-qj jobs is defined as
𝑁𝑗 = (𝑃𝑗 ∪ {𝑝𝑗𝑠 , 𝑝𝑗𝑒 } , 𝑇𝑗 , 𝐹𝑗 , 𝑀𝑗0 )

(1)

where 𝑃𝑗 = ∪1≤𝑘≤|Ω𝑗| {𝑝𝑘1 , 𝑝𝑘2 , . . . , 𝑝𝑘𝑙(𝑤𝑘 ) }, 𝑇𝑗 = ∪1≤𝑘≤|Ω𝑗 | {𝑡𝑘1 ,
𝑡𝑘2 , . . . , 𝑡𝑘(𝑙(𝑤𝑘 )+1) }, and 𝐹𝑗 = ∪1≤𝑘≤|Ω𝑗 | {(𝑝𝑗𝑠 , 𝑡𝑘1 ), (𝑡𝑘1 , 𝑝𝑘1 ),

(𝑝𝑘1 , 𝑡𝑘2 ), . . ., (𝑝𝑘𝑙(𝑤𝑘 ) , 𝑡𝑘(𝑙(𝑤𝑘 )+1) ), (𝑡𝑘(𝑙(𝑤𝑘 )+1) , 𝑝𝑗𝑒 )}. M j0 is the
initial marking, where 𝑀𝑗0 (𝑝𝑗𝑠 ) = 𝜑(𝑞𝑗 ) and 𝑀𝑗0 (𝑝) = 0,
∀𝑝 ∈ 𝑃𝑗 ∪ {𝑝𝑗𝑒 }. In N j , ∀𝑡 ∈ 𝑇𝑗 , |𝑡∙ | = |∙ 𝑡| = 1. An operation
place p is a split place if 𝑝 ∈ 𝑃𝑗 , |𝑝∙ | > 1. At a split place, a job
is able to choose the processing routes.
For type-ri resources, assign a resource place denoted also
by ri . Tokens in ri represent the number of available type-ri
resources. Let C(ri ) denote the initial marking of ri .
Denote R(p) and PR as the resource needed by operation
place p and the set of all resource places, respectively. Then,
in our PN model, add arcs from R(p) to each transition in
∙
𝑝 denoting the occupation of R(p), and add arcs from each
transition in 𝑝∙ to R(p) denoting the releasing of R(p). The set
of all arcs related to resource places is denoted as F R . Then,
the marked PN model of our studied FMS can be defined as
𝑁 = (𝑃 ∪ 𝑃𝑠 ∪ 𝑃𝑓 ∪ 𝑃𝑅 , 𝑇, 𝐹, 𝑀0 )

(2)

where 𝑃 = ∪𝑗∈Z𝑛 𝑃𝑗 , 𝑃𝑠 = {𝑝𝑗𝑠 | 𝑗 ∈ Z𝑛 }, 𝑃𝑓 = {𝑝𝑗𝑒 | 𝑗 ∈ Z𝑛 },
𝑇 = ∪𝑗∈Z𝑛 𝑇𝑗 , 𝐹 = 𝐹𝑄 ∪ 𝐹𝑅 , and 𝐹𝑄 = ∪𝑗∈Z𝑛 𝐹𝑗 . The initial
marking M 0 is defined as 𝑀0 (𝑝𝑗𝑠 ) = 𝜑(𝑞𝑗 ), ∀𝑝𝑗𝑠 ∈ 𝑃𝑠 ;
𝑀0 (𝑝) = 0, ∀𝑝 ∈ 𝑃 ∪ 𝑃𝑓 ; and 𝑀0 (𝑟𝑖 ) = 𝐶(𝑟𝑖 ), ∀𝑟𝑖 ∈ 𝑃𝑅 .
In this paper, processing times needed by operations are
described by a place-timed PN. Each operation place p is
assigned with a time delay d(p), denoting its processing time,
𝑑(𝑝) = 0, ∀𝑝 ∈ 𝑃𝑠 ∪ 𝑃𝑓 ∪ 𝑃𝑅 . Such PN model for an FMS is
called PNS [17].
Example 1. Consider an FMS shown in Figure 1. It contains
four machines r1 , r2 , r3 , and r4 . Machines r1 , r2 , and r4 can
hold one job at the same time while machine r3 can hold
two. Then the resource set is 𝑅 = {𝑟1 , 𝑟2 , 𝑟3 , 𝑟4 }, with initial
markings 𝐶(𝑟1 ) = 𝐶(𝑟2 ) = 𝐶(𝑟4 ) = 1, and 𝐶(𝑟3 ) = 2. This
FMS is able to process two types of jobs, q1 and q2 . Typeq1 jobs can be processed sequentially on r1 , r2 , and r4 , or
on r1 , r3 , and r4 ; while type-q2 jobs are processed on r4 , r3 ,
and r1 . Thus, there are two processing routes for type-q1 jobs,
𝑤1 = 𝑜1𝑠 𝑜11 𝑜12 𝑜13 𝑝1𝑒 and 𝑤2 = 𝑜1𝑠 𝑜21 𝑜22 𝑜23 𝑜1𝑒 , while typeq2 jobs are processed on one route, 𝑤3 = 𝑜2𝑠 𝑜31 𝑜32 𝑜33 𝑜2𝑒 .
Note that 𝑜11 = 𝑜21 and 𝑜13 = 𝑜23 are processed on
machines r1 and r4 , respectively. Then routes 𝑤1 and 𝑤2
can be modelled as 𝑤1 = 𝑝1𝑠 𝑡11 𝑝11 𝑡12 𝑝12 𝑡13 𝑝13 𝑡14 𝑝1𝑒 and
𝑤2 = 𝑝1𝑠 𝑡11 𝑝11 𝑡22 𝑝22 𝑡23 𝑝13 𝑡14 𝑝1𝑒 , respectively, while route 𝑤3
is modelled as 𝑤3 = 𝑝2𝑠 𝑡31 𝑝31 𝑡32 𝑝32 𝑡33 𝑝33 𝑡34 𝑝2𝑒 . Figure 2(a)
shows the PN model of this system, in which the jobs of types
q1 and q2 are to be processed are 2 and 1, respectively.
When all operations of all jobs are completed, the system
reaches its final marking, denoted as M f , where 𝑀𝑓 (𝑝𝑖𝑒 ) =
𝑀0 (𝑝𝑗𝑠 ) and ∀𝑝𝑗𝑒 ∈ 𝑃𝑓 ; 𝑀𝑓 (𝑝) = 0, ∀𝑝 ∈ 𝑃∪𝑃𝑠 ; and 𝑀𝑓 (𝑟𝑖 ) =
𝐶(𝑟𝑖 ), ∀𝑟𝑖 ∈ 𝑃𝑅 . A sequence of transitions 𝛼 is complete and
feasible if 𝑀0 [𝑎 > 𝑀𝑓 . Such a sequence in the PNS is a feasible
schedule to the considered FMS.
Note that an improper schedule of a PNS may lead to
deadlock situations, and the system can thus never reach its
final marking. Consider a reachable marking 𝑀1 = 2𝑝22 +
𝑝31 + 𝑟1 + 𝑟2 in Figure 2(b). It is clear that a circular wait for
resources r3 and r4 arises and no transition can be fired.
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Figure 2: (a) The PNS of an FMS and (b) its deadlock situation.

3. DMOEA/D for the Scheduling of FMSs
A multiobjective optimization problem (MOP) is formally
stated as follows:
Minimize

𝐹 (𝑥) = ( (𝑓1 (𝑥) , 𝑓2 (𝑥) , . . . , 𝑓𝐿 (𝑥))

Subject to

𝑥∈Π

𝑇

(3)

where Π is the decision (variable) space and f i (x) is the
objective functions, 𝑖 ∈ Z𝐿 . A feasible solution to MOP can be
interpreted into a feasible schedule. Then, the multiobjective
scheduling problem studied in this paper is to find a feasible
solution 𝑥∗ so that F(𝑥∗ ) is as small as possible.
MOEA/D solves an MOP problem by decomposing it into
several single-objective optimization subproblems and then
solves all the subproblems in a single run by evolving a population of solutions [8]. The population in each generation

is composed of best found solutions for these subproblems.
The neighbourhood relations among the subproblems are calculated according to the distances between their coefficient
vectors. In MOEA/D, each subproblem is then solved based
on the information of its neighbouring subproblems.
There are a few studies using MOEA/D in different
areas recently [5, 8–10, 29–31]. In this work, we focus on
the multiobjective scheduling of FMSs and propose a novel
DMOEA/D by combining MOEA/D and DDE. PNSs are used
to model the systems and deadlock controllers are embedded
to avoid deadlocks. The varieties of DMOEA/D are described
as follows.
3.1. Representation, Interpretation, and Reparation. In this
paper, a solution x in DMOEA/D consists of two sections
𝑥 = (𝑆𝑟 ; 𝑆𝑜 ), where Sr stores the route information and So
is a permutation with repetition of all jobs. Let l(𝑤𝑠 ) denote
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the length of route 𝑤𝑠 . Then, each job J i appears l(J i ) times
in So , where l(J i ) = max{𝑙(𝑤𝑠 ) | 𝑤𝑠 is a route of job 𝐽𝑖 }. The
jth operation of J i is represented as the jth J i in So , and So is
uniquely interpreted as a sequence of operations 𝜎(𝑆𝑜 ). Then
x is rewritten as 𝑥 = (𝑆𝑟 ; 𝜎(𝑆𝑜 )). By associating each operation
to its corresponding transition, a sequence of transitions 𝛼(𝑥),
which is taken as a schedule in PNS, can be interpreted from
solution x.

and the completion time of job J i can be calculated as 𝐶𝑖 =
𝑓(𝑡V [𝑂𝑖𝑙(𝐽𝑖 ) ]) + 𝑑(𝑂𝑖𝑙(𝐽𝑖 ) ), where 𝑂𝑖𝑙(𝐽𝑖 ) is the last processed
operation of job J i and t v corresponds to 𝑂𝑖𝑙(𝐽𝑖 ) .
The makespan 𝐶𝑚𝑎𝑥 is the completion time of the last
job that leaves the system. A minimum 𝐶𝑚𝑎𝑥 implies a good
utilization of machines. It can be defined as

Example 2. Reconsider the PNS in Figure 1(a). There
are three jobs to be processed: two type-q1 jobs, J 1 and
J 2 , and one type-q2 job, J 3 . The type-q1 jobs have two
routes, 𝑤1 and 𝑤2 , while type-q2 job has only one, 𝑤3 .
Suppose that J 1 and J 2 are processed by routes 𝑤1 and
𝑤2 , respectively. Then, 𝑆𝑟1 = (𝑤1 , 𝑤2 , 𝑤3 ) can be taken
as the first section of a solution x1 . Note that the route
lengths l(J i ) are 5, 5, and 4, respectively. Thus, we can
represent section So as a permutation with repetition that
consists of five J 1 ’s, five J 2 ’s, and four J 3 ’s, for example,
𝑆𝑜1 = (𝐽1 , 𝐽1 , 𝐽3 , 𝐽2 , 𝐽3 , 𝐽3 , 𝐽1 , 𝐽2 , 𝐽1 , 𝐽2 , 𝐽2 , 𝐽2 , 𝐽1 , 𝐽3 ). Then x1
is represented as 𝑥1 = (𝑆𝑟1 ; 𝑆𝑜1 ) = (𝑤1 , 𝑤2 , 𝑤3 ; 𝐽1 , 𝐽1 , 𝐽3 ,
𝐽2 , 𝐽3 , 𝐽3 , 𝐽1 , 𝐽2 , 𝐽1 , 𝐽2 , 𝐽2 , 𝐽2 , 𝐽1 , 𝐽3 ), So1 is interpreted as a
sequence of operations 𝜎(𝑆𝑜1 ) = (𝑂11 , 𝑂12 , 𝑂31 , 𝑂21 , 𝑂32 , 𝑂33 ,
𝑂13 , 𝑂22 , 𝑂14 , 𝑂23 , 𝑂24 , 𝑂25 , 𝑂15 , 𝑂34 ), and x1 is interpreted as a sequence of transitions 𝛼(𝑥1 ) = (𝑡11 𝑡12 , 𝑡31 , 𝑡11 , 𝑡32 ,
𝑡33 , 𝑡13 , 𝑡22 , 𝑡14 , 𝑡23 , 𝑡24 , 𝑡15 , 𝑡15 , 𝑡34 ), or for more details, 𝛼(𝑥1 ) =
(𝑡11 [𝑂11 ],𝑡12 [𝑂12 ],𝑡31 [𝑂31 ],𝑡11 [𝑂21 ],𝑡32 [𝑂32 ],𝑡33[𝑂33 ],𝑡13 [𝑂13 ],
𝑡22 [𝑂22 ],𝑡14 [𝑂14 ],𝑡23[𝑂23 ],𝑡24 [𝑂24 ],𝑡15 [𝑂25 ],𝑡15 [𝑂15 ],𝑡34 [𝑂34 ]).

The mean completion time is the average completion time of
all the jobs, and its definition is

The sequence of transitions interpreted from a solution may be infeasible and contain deadlock situations.
The feasibility of each solution must be examined and the
infeasible ones are repaired. There are some works addressing
the deadlock problem of FMSs [32–36], and deadlock-free
operations of FMSs can thus be guaranteed. In this work, an
Amending Algorithm proposed by [17] is used to obtain a
feasible sequence of transitions from M 0 to M f . This Amending Algorithm is based on the deadlock avoidance policy
(DAP) proposed by [34]. An optimal polynomial complexity
DAP for S3 PRs without 𝜉-resources is developed by a onestep look-ahead approach; for S3 PRs with 𝜉-resources, a
suboptimal DAP is also derived by reducing the net. A
deadlock search algorithm is then proposed for prohibiting
deadlock situations.
3.2. Objective Functions. Three objective functions are used
in the work, makespan, mean completion time, and mean
tardiness time.
For a given solution x, let 𝛼(𝑥) = 𝑡1 𝑡2 ⋅ ⋅ ⋅ 𝑡𝑛 be its
corresponding sequence of transitions. Let 𝑓(𝑡𝑘 [𝑂𝑖𝑗 ]) be
the firing time of transition tk and Ci be the completion
time of the last operation of job J i . Note that 𝑓(𝑡𝑘 [𝑂𝑖𝑗 ])
is also the start time of operation Oij . According to the
predefined operation sequence and the order in a schedule
(sequence of transitions), transition 𝑡𝑘 [𝑂𝑖𝑗 ] (𝑘 ∈ Z𝑛 ) can
be fired only after transition 𝑡𝑘−1 is fired and operation
𝑂𝑖(𝑗−1) is completed. Assume that 𝑡𝑘−1 corresponds to operation Ouv and t u corresponds to operation 𝑂𝑖(𝑗−1) . We have
𝑓(𝑡𝑘 [𝑂𝑖𝑗 ]) = max{𝑓(𝑡𝑘−1 [𝑂𝑢V ]), 𝑓(𝑡𝑢 [𝑂𝑖(𝑗−1) ]) + 𝑑(𝑂𝑖(𝑗−1) )},

𝑓1 (𝑥) ≡ 𝐶𝑚𝑎𝑥 = max {𝐶𝑖 }

(4)

1≤𝑖≤Φ

𝐶𝑖
1≤𝑖≤Φ Φ

𝑓2 (𝑥) ≡ 𝐶 = ∑

(5)

Tardiness time of a job is a time delay after the predefined
due time. Jobs completed after the due time may cause
compensation for customers and loss of goodwill. Let Di
and T i be the due time and the tardiness time of job J i ,
respectively. In this paper, Di is defined as 𝐷𝑖 = 1.5 ×
∑1≤𝑗≤𝑙(𝐽𝑖 ) 𝑑(𝑂𝑖𝑗 ) and T i is defined as 𝑇𝑖 = max{𝐶𝑖 − 𝐷𝑖 , 0}.
The mean tardiness time is the average tardiness time of all
the jobs, and it can be expressed as
𝑇𝑖
1≤𝑖≤Φ Φ

𝑓3 (𝑥) ≡ 𝑇 = ∑

(6)

3.3. Decomposition of Multiobjective Optimization. A general
MOEA/D must decompose an MOP into K single-objective
optimization problems, where K is the population size.
Several approaches have been proposed for this task and this
paper uses the Tchebycheff approach.
Given a weight vector 𝜆 = (𝜆 1 , 𝜆 2 , . . . , 𝜆 𝐿)𝑇, 𝜆 𝑖 ≥ 0,
∀𝑖 ∈ Z𝐿 , and ∑𝑖∈Z𝐿 𝜆 𝑖 = 1. Then, in the Tchebycheff approach,
the optimal solution to the single-objective optimization
problem below
Minimize
Subject to

𝑔𝑡𝑒 (𝑥 | 𝜆) = max {𝜆 𝑖 (𝑓𝑖 (𝑥) − 𝑧𝑖∗ )}
𝑖∈Z𝐿

𝑇

(7)

𝑥∈Π

is a Pareto optimal solution to (3), where 𝑧∗ = (𝑧1∗ , 𝑧2∗ , . . . ,
𝑧𝐿∗ )𝑇 is the reference point, i.e., 𝑧𝑖∗ = min𝑥∈Π 𝑓𝑖 (𝑥), ∀𝑖 ∈ Z𝐿 .
For each optimal solution of (7), there exists a corresponding
Pareto optimal solution of (3). Hence, we can obtain different
Pareto optimal solutions by setting different weight vectors.
3.4. Discrete Differential Evolution Algorithm. Differential
evolution (DE) [37] generally works on a population of
candidate solutions, which are represented by floating point
numbers. DE generates a mutated solution by adding a
weighted difference between two randomly selected solutions
to a third one. A trial solution is then generated by crossing
the mutated and target solutions. The selection operator in
DE determines whether the target solution can be retained in
the next generation or not.
From the description above, it can be known that the
traditional DE cannot be directly used in the multiobjective
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scheduling of FMSs, since it is originally designed for solving
continuous optimization problems and can only generate
solutions of floating point numbers [38]. In this subsection,
we propose a novel discrete DE (DDE) for generating the
solutions to the single-objective optimization problems in our
DMOEA/D.
The mutated solution at the kth generation 𝑥V𝑘 is constructed based on 3 randomly selected solutions, 𝑥𝑎𝑘 , 𝑥𝑏𝑘 , and
𝑥𝑐𝑘 . Let D denote the hamming distance between solutions
𝑥𝑏𝑘 and 𝑥𝑐𝑘 . In our DDE, the mutation operator is defined as
follows:
𝑎
{𝑀𝑢𝑡1 (𝑥𝑘 , 𝑝𝑚 ) ,
𝑥V𝑘 = {
𝑀𝑢𝑡𝐷 (𝑥𝑎𝑘 , 𝑝𝑚 ) ,
{

if 𝐷 = 0
if 𝐷 > 0

Example 3. Assume that 𝑥1 = (𝑆1𝑟 ; 𝑆1𝑜 ) = (𝑤1 , 𝑤2 , 𝑤3 ; 𝐽1 , 𝐽1 ,
𝐽3 , 𝐽2 , 𝐽3 , 𝐽3 , 𝐽1 , 𝐽2 , 𝐽1 , 𝐽2 , 𝐽2 , 𝐽2 , 𝐽1 , 𝐽3 ) is a target solution and
𝑥2 = (𝑆2𝑟 ; 𝑆2𝑜 ) = (𝑤1 , 𝑤1 , 𝑤3 ; 𝐽1 , 𝐽2 , 𝐽2 , 𝐽1 , 𝐽3 , 𝐽1 , 𝐽2 , 𝐽3 , 𝐽2 , 𝐽1 ,
𝐽3 , 𝐽1 , 𝐽2 , 𝐽3 ) is a mutated solution. Then, according to Section 3.1, their corresponding sequences of operations are
𝜎(𝑆1𝑜 ) = (𝑂11 , 𝑂12 , 𝑂31 , 𝑂21 , 𝑂32 , 𝑂33 , 𝑂13 , 𝑂22 , 𝑂14 , 𝑂23 , 𝑂24 ,
𝑂25 , 𝑂15 , 𝑂34 ) and 𝜎(𝑆2𝑜 ) = (𝑂11 , 𝑂21 , 𝑂22 , 𝑂12 , 𝑂31 , 𝑂13 ,
𝑂23 , 𝑂32 , 𝑂24 , 𝑂14 , 𝑂33 , 𝑂15 , 𝑂25 , 𝑂34 ), respectively. Let the
length of a crossover string be 7 and the crossover starts
at operation O31 . So the crossover string in 𝑆2𝑜 is 𝜎 =
(𝐽3 , 𝐽1 , 𝐽2 , 𝐽3 , 𝐽2 , 𝐽1 , 𝐽3 ) and the corresponding operations are
O31 , O13 , O23 , O32 , O24 , O14 , and O33 . Then, delete the jobs
that correspond to these operations from 𝑆1𝑜 and insert 𝜎
into 𝑆1𝑜 . The so obtained 𝑆3𝑜 is (𝐽1 , 𝐽1 , 𝐽2 , 𝐽3 , 𝐽1 , 𝐽2 , 𝐽3 , 𝐽2 , 𝐽1 , 𝐽3 ,
𝐽2 , 𝐽2 , 𝐽1 , 𝐽3 ). The first section of the trial solution is inherited directly from x1 . Then, we have the trial solution
𝑥𝑢𝑘 = (𝑤1 , 𝑤2 , 𝑤3 ; 𝐽1 , 𝐽1 , 𝐽2 , 𝐽3 , 𝐽1 , 𝐽2 , 𝐽3 , 𝐽2 , 𝐽1 , 𝐽3 , 𝐽2 , 𝐽2 , 𝐽1 , 𝐽3 ).
Note that the obtained trial solution 𝑥𝑢𝑘 is infeasible and hence
should be repaired by Amending Algorithm.
The selection operator in DDE decides whether a trial
solution 𝑥𝑢𝑘 should be a member of the population in the next
generation. It is stated as follows:
if 𝑔𝑡𝑒 (𝑥𝑢𝑘 | 𝜆, 𝑧) ≤ 𝑔𝑡𝑒 (𝑥𝑖𝑘−1 | 𝜆, 𝑧)
otherwise

Minimize

(9)

where 𝑧 = (𝑧1 , 𝑧2 , . . . , 𝑧𝐿 )𝑇 and zi is the best objective f i found
so far.

𝑔𝑡𝑒 (𝑥 | 𝜆𝑗 , 𝑧∗ )
𝑗

𝑇

= max {𝜆 𝑖 (𝑓𝑖 (𝑥) − 𝑧𝑖∗ )}
𝑖∈Z𝐿

(10)

Subject to 𝑥 ∈ Π
𝑗

(8)

where Mut i is the mutation with i iterations and pm is the
mutation probability. At each iteration of 𝑀𝑢𝑡𝑖 (𝑥𝑎𝑘 , 𝑝𝑚 ), the
algorithm generates a random number 𝑟 ∈ [0, 1]. If 𝑟 <
𝑝𝑚 , select one job in 𝑥𝑎𝑘 randomly and insert it to another
position in 𝑥𝑎𝑘 ; otherwise, 𝑥𝑎𝑘 remains unchanged. Note that
the mutation operator is iterated at least once, even if there is
no difference between 𝑥𝑏𝑘 and 𝑥𝑐𝑘 .
The trial solution 𝑥𝑢𝑘 in DDE algorithm is generated by
crossing the target solution 𝑥𝑖𝑘 and the mutated solution 𝑥V𝑘 .
GOX is used for achieving this. In our DDE, GOX is only
applied in the second section of the solution, i.e., So . The
length of the crossover string is chosen randomly between
𝑁/4 and 3𝑁/4.

𝑢
{𝑥𝑘 ,
𝑥𝑖𝑘 = {
𝑥𝑖 ,
{ 𝑘−1

3.5. Framework of DMOEA/D. Let 𝜆1 , 𝜆2 , . . . , 𝜆𝐾 be a set
of uniform spread weight vectors. DMOEA/D decomposes
MOP into K single-objective subproblems with the Tchebycheff approach, and the jth subproblem is

𝑗

𝑗

where 𝜆𝑗 = (𝜆 1 , 𝜆 1 , . . . , 𝜆 𝑖 )𝑇. Given a weight vector 𝜆𝑗 ,
define the neighbourhood of 𝜆𝑗 as a set of its closest weight
vectors in {𝜆1 , 𝜆2 , . . . , 𝜆𝐾 }. Then, all the subproblems that
correspond to these weight vectors in the neighbourhood
of 𝜆𝑗 constitute the neighbourhood of the jth subproblem.
The population contains the best found solutions for all the
subproblems. While DMOEA/D optimizes a subproblem, it
only exploits the current solutions to the neighbourhood of
the subproblem.
In each generation, our proposed DMOEA/D using a
Tchebycheff approach contains a population of K solutions
𝑥1 , . . . , 𝑥𝐾 ∈ Π, where xj is the current solution to the
jth subproblem and an external population (EP) for storing
nondominated solutions found in DMOEA/D. Then, our
proposed DMOEA/D can be stated as in Algorithm 1.
From the algorithm, it can be known that E(j) contains
the indexes of H closest vectors of 𝜆𝑗 . This paper uses the
Euclidean distance to evaluate how close any two weight
vectors are. Hence, 𝜆𝑗 itself is its closest vector, 𝑗 ∈ 𝐸(𝑗).
The kth subproblem is in the neighbourhood of the jth
subproblem if 𝑘 ∈ 𝐸(𝑗). While considering the jth subproblem in DMOEA/D, since xa , xb , and xc are the best found
solutions to the respective neighbours of the jth subproblem,
the reproduced solution xu based on them should be a
promising one to the jth subproblem. Then, amend xu by
using Amending Algorithm [17]. The so-obtained solution xu
is therefore feasible and probably better for the neighbours
of the jth subproblem. Then, for each neighbour jh of the
ℎ
jth subproblem, replace 𝑥𝑗 with xu if xu is better for the
jth subproblem. The external population EP is also updated
based on the new solutions.
Since obtaining the accurate reference point 𝑧∗ is usually
very time-consuming, we use z as a substitute of 𝑧∗ in 𝑔𝑡𝑒 .
z is initialized by a problem-specific method and updated
according to the quality of generated trial solutions.

4. Illustrative Examples
To the authors’ knowledge, there is still no work reported
for the multiobjective scheduling of deadlock-prone FMSs.
Thus, to demonstrate the effectiveness of DMOEA/D, we
compare it with a NSGA-II (one of the best known MOEAs)
based MOEA. Since the DAP used in Section III-A is also
embedded, we rename the compared algorithm as DNSGAII.
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Input
𝐾: the number of sub-problems used in DMOEA/D;
𝜆1 , 𝜆2 , . . . , 𝜆𝐾 : the set of uniform spread weight vectors;
H: the size of neighborhood of each weight vector;
Initialize
Set EP = ⌀, initialize population 𝑥1 , . . . , 𝑥𝐾 ∈ Π;
Set 𝐹𝑗 = 𝐹(𝑥𝑗 ), 𝑗 ∈ Z𝐾 , initialize 𝑧 = (𝑧1 , 𝑧2 , . . . , 𝑧𝐿 )𝑇 , where 𝑧𝑖 = min𝑥∈Π 𝑓𝑖 (𝑥);
Compute the Euclidean distances between any two weight vectors and figure out the H closest ones of each weight vector;
1
2
𝐻
Set 𝐸(𝑗) = {𝑗1 , 𝑗2 , . . . , 𝑗𝐻}, where 𝜆𝑗 , 𝜆𝑗 , . . . , 𝜆𝑗 are the H closest weight vectors to 𝜆𝑗 .
While(the stopping criterion is not met) {
For (𝑗 = 1, 2, . . . , 𝐾) {
Randomly select three different neighbors xa , xb , and xc from E(j);
Generate the mutated solution xv from xa , xb , and xc ;
Generate the trial solution xu from xj and xv ; Amend xu ;
For (𝑖 = 1, 2, . . . , 𝐿) {
If (𝑧𝑖 < 𝑓𝑖 (𝑥𝑢 )) {
Set 𝑧𝑖 = 𝑓𝑖 (𝑥𝑢 ); }
} // End For
For (each index 𝑗ℎ ∈ 𝐸(𝑗)) {
ℎ
ℎ
ℎ
If(𝑔𝑡𝑒 (𝑥𝑢 | 𝜆𝑗 , 𝑧) ≤ 𝑔𝑡𝑒 (𝑥𝑗 | 𝜆𝑗 , 𝑧)) {
ℎ
ℎ
Set 𝑥𝑗 = 𝑥𝑢 ; 𝐹𝑗 = 𝐹(𝑥𝑢 ); }
} // End For
Remove all the vectors dominated by F(xu ) from EP;
If(there is no vector dominates F(xu ) and F(xu ) do not exist in EP) {
Add F(xu ) into EP; }
} // End For
} // End While
Output EP
Algorithm 1: Algorithm DMOEA/D.

The stop criteria of two tested algorithms are all set
as 1000 generations. The population size is set as 𝐾 =
100. For DMOEA/D, the weight vectors are determined by
a parameter I. Each weight vector chooses a value from
{0/𝐼, 1/𝐼, . . . , 𝐼/𝐼} and the number of the weight vectors is
𝐾 = 𝐶𝐿−1
𝐼+𝐿−1 . For problems with 2-objective, I is set to 99 since
𝐶2−1
99+2−1 = 𝐾 = 100; for problems with 3-objective, I is set to
13 since 𝐶3−1
13+3−1 = 105 > 𝐾 = 100 and DMOEA/D randomly
chooses 100 values out of 105. The number of neighbourhoods
is 𝐻 = 20. The cross rate pc and the mutation rate pm are set
as 0.8 and 0.2, respectively. All the algorithms are coded by
C++ and simulated on a desktop PC with 3.2 GHz processor
and 8 GB memory.
4.1. Performance Metrics. The number of Pareto solutions
(NPS) obtained in a run is an important metric for MOEA.
More Pareto solutions mean more candidate schedules for
decision makers and therefore have better performance.
Mean ideal distance (MID) evaluates how close the
solutions on a PF to the ideal point (often referred to point
(0, 0)). It can be defined as
𝑀𝐼𝐷 =

∑

Δ𝑗

1≤𝑗≤𝑁𝑃𝑆 𝑁𝑃𝑆

(11)

where Δ 𝑗 = √∑1≤𝑖≤𝐿 𝑓𝑗𝑖2 and f ji is the ith objective of
the jth Pareto solution. Less value of MID indicates better
performance.
The rate of achievement to objectives simultaneously
(RAS) evaluates the closeness of objectives. It can be represented as
𝑅𝐴𝑆 =

∑
1≤𝑗≤𝑁𝑃𝑆

(∑1≤𝑖≤𝐿 (𝑓𝑗𝑖 /min1≤𝑖≤𝐿 𝑓𝑗𝑖 − 1))
𝑁𝑃𝑆

(12)

The lower RAS value there is, the better solution quality we
have.
4.2. Case 1. In this subsection, the FMS example in Example
1 is used to test the performance of the algorithms. The
processing time of operations is listed in Table 2. 20 instances
(FMS01- FMS20) designed by [39] are tested.
Firstly, we study the 2-objective problem with respect to
makespan and mean completion time. The scheduling results
of FMS01- FMS20 are shown in Table 3. The algorithms make
10 independent runs for each instance, and the metrics are
averaged.
From Table 3, it can be seen that DMOEA/D outperforms
DNSGA-II on all 3 metrics for the 2-objective problem.
DMOEA/D achieves more NPS in 16 instances out of 20.
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FMS07

260

300
mean completion time

mean completion time

240
220
200
180
160
140
250

290
280
270
260
250
240

260

270

280

290
300
makespan

310

320

230
450

330

DMOEA/D
DNSGA-II
FMS09

470

480

490
500
makespan

510

520

530

FMS10

800

440

750
mean completion time

mean completion time

460

DMOEA/D
DNSGA-II

460

420
400
380
360
340
660

FMS08

310

700
650
600
550

680

700

720
makespan

740

760

780

DMOEA/D
DNSGA-II

500
1100

1150

1200
1250
makespan

1300

1350

DMOEA/D
DNSGA-II

Figure 3: Nondominated solutions of 2-objective problem on instances FMS07-FMS10.

Table 2: Processing time of operations for the FMS in Example 1.
q1
𝑤1
d(O11 ): 25
d(O12 ): 23
d(O13 ): 27

𝑤2
d(O21 ): 25
d(O22 ): 20
d(O23 ): 27

q2

𝑤3
d(O31 ): 26
d(O32 ): 21
d(O33 ): 24

This means that DMOEA/D can obtain more Pareto solutions
than DNSGA-II for the studied problem. For the metric
MID, DMOEA/D significantly outperforms DNSGA-II since
it obtains less MID values for all 20 instances. This indicates
that DMOEA/D gets a better convergence than DNSGA-II.
For the metric RAS, it seems that the solutions of DMOEA/D
have better closeness of objectives as it obtains lower RAS
values than DNSGA-II in 17 instances out of 20.
Figure 3 shows a part of nondominated solutions of 2objective on FMS02-FMS05. We can see that most solutions

found by DMOEA/D dominate the ones found by DNSGAII. DMOEA/D achieves a better approximation to PF than
DNSGA-II does.
Then, the 3-objective problem is studied. The scheduling
results are listed in Table 4. Each instance makes 10 independent runs and the metrics are averaged.
As seen in Table 4, the results for the 3-objective problem
seem in accordance with the conclusions for 2-objective
problem. DMOEA/D generally obtains more Pareto solutions
(higher NPS values in 18 of 20 instances) than DNSGA-II for
the studied problem. DMOEA/D also has a better convergence than DNSGA-II, since it obtains lower MID values in
all 20 instances. The solutions obtained by DMOEA/D have
better closeness of objectives as it obtains lower RAS values in
19 instances out of 20.
Note that the RAS values of instances with very few jobs
(FMS01, FMS06, FMS11, and FMS16) are much higher than
the ones of other instances. This is due to the fact that a
schedule with very few jobs usually has very little tardiness

Complexity

9
Table 3: Scheduling results of 2-objective problem (FMS01-FMS20).

Instances
FMS01
FMS02
FMS03
FMS04
FMS05
FMS06
FMS07
FMS08
FMS09
FMS10
FMS11
FMS12
FMS13
FMS14
FMS15
FMS16
FMS17
FMS18
FMS19
FMS20

NPS
DNSGA-II
2.1
2.0
2.3
2.6
2.8
2.0
2.8
3.3
3.8
3.9
2.2
2.4
3.1
4.2
4.5
1.8
2.4
3.0
3.4
3.6

MID
DMOEA/D
2.0
2.7
2.4
2.6
3.1
2.3
3.9
3.8
4.2
4.8
1.9
2.5
4.0
4.6
4.7
1.8
3.0
3.2
4.2
4.3

DNSGA-II
218.33
412.45
657.22
990.17
1644.12
190.50
361.71
602.29
917.27
1525.18
158.93
323.24
568.74
858.91
1437.07
129.86
242.64
547.16
827.83
1358.92

time, and the objective function mean tardiness time is thus
much smaller than the other two.
The computational times of DNSGA-II and DMOEA/D
on FMS01-FMS20 are almost at the same level. For the 2objectives problem, the computational times for instances
with 10, 20, 40, 60, and 100 jobs are around 5s, 10s, 25s,
40s, and 60s, respectively. For the 3-objectives problem, the
computational times for instances with 10, 20, 40, 60, and 100
jobs are around 8s, 15s, 30s, 40s, and 65s, respectively.
4.3. Case 2. In this subsection, we use a widely researched
FMS example to test the performance of our algorithms.
This FMS consists of 3 robots r1 -r3 , 4 machines m1 -m4 , and
can process 3 types of jobs q1 -q3 . Its PNS with the initial
marking of In01 is shown in Figure 4 and the processing
time of operations is listed in Table 5. 16 instances (In01-In16)
designed by [18] are tested.
The 2-objective problem is studied first. The scheduling
results of 16 instances are shown in Table 6. The algorithms
make 10 independent runs for each instance and the metrics
are averaged.
From Table 6, we can see that DMOEA/D outperforms
DNSGA-II on all 3 metrics. It can obtain more Pareto solutions than DNSGA-II in 15 instances out of 16. DMOEA/D
also gets a better convergence than DNSGA-II since it obtains
less MID values in 15 instances out of 16. Moreover, the
solutions of DMOEA/D have better closeness of objectives
than DNSGA-II, since DMOEA/D obtains lower RAS values
in 14 instances out of 16.
Figure 5 shows a part of nondominated solutions of 2objective on instances In01-In04. From Figure 5, we can see

RAS
DMOEA/D
199.24
350.20
584.42
875.01
1436.08
165.82
302.64
537.69
827.27
1354.03
132.09
257.43
516.87
779.25
1320.08
118.01
199.14
508.87
753.60
1182.49

DNSGA-II
0.80
0.84
0.91
1.04
1.08
0.57
0.61
0.72
1.05
1.10
0.55
0.56
0.72
0.88
0.98
0.52
0.55
0.72
0.90
0.97

DMOEA/D
0.76
0.79
0.87
0.98
1.09
0.55
0.57
0.65
0.97
1.04
0.41
0.58
0.70
0.83
1.04
0.43
0.54
0.80
0.92
0.99

that the solutions found by DMOEA/D can dominate the
ones obtained by DNSGA-II.
For the 3-objective problem, the scheduling results of
In01-In16 are listed in Table 7. Each instance makes 10
independent runs and the metrics are averaged.
As seen in Table 7, DMOEA/D obtains more Pareto
solutions than DNSGA-II in 11 of 16 instances. DMOEA/D
also has a better convergence than DNSGA-II, since it obtains
lower MID values in all 16 instances. The solutions obtained
by DMOEA/D have better closeness of objectives since it
obtains lower RAS values in all 16 instances.
The computational times of DNSGA-II and DMOEA/D
on In01-In16 are almost at the same level. For the 2-objectives
problem, the computational times for instances with 28, 40,
50, and 60 jobs are around 20s, 55s, 90s, and 120s, respectively.
For the 3-objective problem, the computational times for
instances with 28, 40, 50, and 60 jobs are around 25s, 65s, 95s,
and 130s, respectively.

5. Conclusions
This paper studies the multiobjective scheduling problem of deadlock-prone FMSs. Combining decomposition
approaches and DDE, a novel scheduling algorithm called
DMOEA/D is proposed based on the PN model of the
studied system. DMOEA/D can decompose a multiobjective
scheduling problem into a certain number of single-objective
subproblems and solves all the subproblems in a single run.
The solutions of the subproblems are reproduced by a new
proposed DDE algorithm. The mutation operator of DDE
is based on the hamming distance between two selected
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Table 4: Scheduling results of 3-objective problem (FMS01-FMS20).

Instances
FMS01
FMS02
FMS03
FMS04
FMS05
FMS06
FMS07
FMS08
FMS09
FMS10
FMS11
FMS12
FMS13
FMS14
FMS15
FMS16
FMS17
FMS18
FMS19
FMS20

NPS
DNSGA-II
3.2
3.9
4.3
4.5
4.4
3.5
4.5
4.4
5.8
5.5
3.3
3.5
3.9
5.8
5.7
2.2
3.2
4.0
5.1
5.0

MID
DMOEA/D
4.4
5.5
4.1
4.7
5.2
4.8
5.0
6.3
5.9
6.0
2.5
3.6
4.9
6.0
6.2
2.6
2.5
4.8
5.2
5.9

DNSGA-II
246.15
486.50
812.69
1184.47
1982.92
207.96
398.74
739.06
1115.63
1870.84
170.02
320.57
671.11
1054.72
1759.81
144.56
247.30
617.54
977.95
1668.03

RAS
DMOEA/D
218.61
423.76
703.04
1035.12
1802.27
174.29
341.40
621.45
965.83
1685.44
137.77
263.89
589.06
946.01
1594.49
112.42
191.23
542.48
856.20
1576.65

DNSGA-II
10.47
4.42
1.89
2.24
2.37
21.26
3.10
1.92
2.01
2.24
30.36
3.72
1.82
1.87
2.19
40.66
12.02
1.14
2.06
2.38

DMOEA/D
8.54
2.18
1.41
1.79
2.02
19.82
2.87
1.27
1.61
1.96
28.23
3.47
1.08
1.62
1.94
41.47
10.76
0.93
1.47
2.04

Table 5: Processing times of operations for the FMS in Figure 4.
𝑞1
𝑤1
d(O11 ): 8
d(O12 ): 34
d(O13 ): 5

𝑤2
d(O21 ): 4
d(O22 ): 32
d(O23 ): 8
d(O24 ): 38
d(O25 ): 5

𝑞2

𝑞3
𝑤4
d(O41 ): 5
d(O42 ): 22
d(O43 ): 4
d(O44 ): 17
d(O45 ): 6

𝑤3
d(O21 ): 4
d(O32 ): 23
d(O33 ): 6
d(O34 ): 20
d(O25 ): 5

Table 6: Scheduling results of 2-objective problem (In01-In16).
Instances
In01
In02
In03
In04
In05
In06
In07
In08
In09
In10
In11
In12
In13
In14
In15
In16

NPS
DNSGA-II
1.4
1.3
1.5
1.7
1.4
1.6
1.5
1.5
1.6
1.5
1.7
1.6
1.4
1.6
1.6
1.7

MID
DMOEA/D
1.6
2.0
1.7
2.1
1.7
1.6
1.5
1.9
1.8
1.6
2.0
1.8
1.5
1.7
1.5
1.7

DNSGA-II
465.13
646.31
886.41
1089.87
396.37
526.92
691.50
882.66
339.47
476.35
585.71
719.93
328.30
465.32
550.88
687.50

RAS
DMOEA/D
384.32
563.24
752.05
920.63
366.64
523.22
699.44
839.75
298.18
451.60
559.66
655.98
263.18
416.40
514.23
654.51

DNSGA-II
0.69
0.81
0.99
1.08
0.68
0.86
0.95
0.99
0.65
0.77
0.84
0.83
0.61
0.71
0.79
0.85

DMOEA/D
0.73
0.78
0.81
0.83
0.68
0.72
0.83
0.82
0.58
0.62
0.68
0.69
0.54
0.61
0.66
0.72
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Figure 4: PNS model of the studied FMS (In01).
In01

260

340

240

mean completion time

mean completion time

250

230
220
210
200

330
320
310
300

190
180
330

340

350

360

370
380
makespan

390

400

290
500

410

DMOEA/D
DNSGA-II
In03

520

530

540 550
makespan

560

570

580

590

880

900

920

940

In04

560

460

540

440

mean completion time

mean completion time

510

DMOEA/D
DNSGA-II

480

420
400
380
360

520
500
480
460
440

340
320
640

In02

350

660
DMOEA/D
DNSGA-II

680

700
720
makespan

740

760

780

420
760

780

800

820

840 860
makespan

DMOEA/D
DNSGA-II

Figure 5: Non-dominated solutions of 2-objective problem on instances In01-In04.
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Table 7: Scheduling results of 3-objective problem (In01-In16).

Instances
In01
In02
In03
In04
In05
In06
In07
In08
In09
In10
In11
In12
In13
In14
In15
In16

NPS
DNSGA-II
1.8
1.6
2.1
2.1
1.6
2.0
2.2
2.3
1.9
2.5
1.9
2.5
2.1
2.3
2.5
2.1

MID
DMOEA/D
2.2
1.8
2.0
2.1
1.8
2.0
2.4
2.5
1.9
2.6
2.1
2.8
1.8
2.5
2.7
2.4

DNSGA-II
467.16
793.22
1061.19
1299.54
423.02
674.95
956.23
1129.71
354.21
562.76
785.41
977.70
309.61
500.26
729.43
891.41

solutions. GOX is used as the crossover operator. Two benchmark examples are used to test the DMOEA/D. Computational results demonstrate that our proposed DMOEA/D can
outperform DNSGA-II for both 2-objective and 3-objective
problems on the studied FMSs.
The advantage of DMOEA/D over DNSGA-II may
attribute to the following: (1) DMOEA/D optimizes several
single-objective optimization problems rather than directly
solving the MOP, and hence the diversity of the population is
easier to maintain, and more evenly distributed Pareto solutions can thus be obtained; and (2) coevolution mechanism
between subproblems is used in DMOEA/D, and, hence,
DMOEA/D can converge faster and obtain better Pareto
solutions than DNSGA-II.
For the future work, one research direction is to introduce
other efficient local optimization strategies or heuristics to
improve the search capability of the proposed algorithm.
Another direction is to extend the proposed method to
solve the scheduling problem of FMSs with other objectives
or constraints, such as energy consumptions, unreliable
resources, and maintenance activities, which may be proved
both interesting and useful.
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RAS
DMOEA/D
412.22
662.40
847.26
1056.08
372.25
577.32
725.51
909.89
319.51
460.27
636.38
761.75
263.67
432.11
572.32
681.56
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4.32
3.80
3.52
3.06
4.86
4.42
3.93
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5.23
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4.48
4.01
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4.78
4.73
4.24
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3.53
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1.43
3.08
2.06
1.90
1.58
3.22
2.38
1.76
1.61
4.58
2.49
2.01
1.79
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With the increasing complexity of industrial products and systems, some intermediate states, other than the traditional two states,
are often encountered during reliability assessments. A system with more than two states is called a multistate system (MSS) which
has already become a general phenomenon in the components and/or systems. Moreover, common cause failure (CCF) often plays
a very important role in the assessment of system reliability. A method is proposed to assess the reliability and sensitivity of an MSS
with CCF. Some components are not only in a failure state that can cause failure itself, but also in a state that can cause the failure
of other components with a certain probability. The components that are affected by one type of CCF make up some sets which
can overlap on some components. Using the technology of a universal generating function (UGF), the CCF of a component can
be incorporated in the expression of its UGF. Consequently, indices of reliability can be calculated based on the UGF expression
of an MSS. Sensitivity analysis can help engineers to judge which type of CCF should be eliminated first under various resource
limitations. Examples illustrate and validate this method.

1. Introduction
Common cause failures (CCFs) are the dependent failures
of multiple components originating from a common cause
or single occurrence or condition. CCFs can be important
contributors to system unavailability or accident risk. For
example, lightning events can cause outages of unprotected
electronic equipment and voltage surges caused by inappropriate switching can lead to multiple failures of components
in a power system. Recognition of the fact that a CCF
will increase the joint-failure probability and then reduce
system reliability has inspired many researchers to model and
estimate the reliability or availability of a system with CCF.
Some basic concepts and theories have been investigated and
developed [1].
Two fundamental kinds of methods, termed implicit and
explicit approaches, are used to incorporate CCFs in system
reliability analysis [2]. The implicit approach proceeds as
follows. The CCF is first ignored and the system logic is modeled with basic single-failure (component-level) events. The
system reliability is given by algebraic probability expressions

of the basic components, which are quantified to include the
contribution of the CCF such that the system reliability or
availability with the CCF can be expressed. This method has
been studied in both binary- and multistate system (MSS)
reliability [3]. In the explicit approach, the CCF is modeled
as a basic cause-event in the system reliability block diagram
or system fault tree, appearing as the repeated input to all
elements or gates affected by the CCF. As the CCF can occur
at random times in a redundant standby safety system, the
expressions for the basic event probabilities of the explicit
fault tree model have been developed [4].
In the context of imperfect fault coverage (IPC), an
uncovered failure may often lead to complete system failure
[5]. Aiming at this situation, other methods such as ordered
binary decision diagrams and generalized reliability block
diagrams have been suggested to assess system reliability
[6]. In the phased-mission system with IPC and CCF, a
new binary decision diagram approach to reliability analysis
was suggested [7]. Myers demonstrated how the coverage
effect can be computed using combinational and recursive
technologies for four coverage models [8]. In the reliability
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redundancy allocation problem three nonlinear optimization
models mixing components with the inclusion of CCF events
were addressed [9]. The reliability of an IPC system with functional or performance dependence was also investigated [10].
An extended object-oriented Petri net model was proposed
for mission reliability simulation of a repairable phasedmission system with both external and internal CCFs [11].
Using the reliability block diagram method, the quantitative
study of probability of failing safely (PFS) for a safety
instrumented system showed that the CCF increases the
PFS [12]. Under the assumption that a single-failure event
may lead to simultaneous failure of multiple components,
a nonparametric predictive inference for system reliability
following the CCF of components was presented [13].
In many cases, the system and/or its components can
function in some different states characterized by several
performance levels. Such systems are often referred to as
MSSs. The theory of the MSS was investigated by Murchland
in 1975 [14]. Many researchers have analyzed the reliability
which is often seen as an important measure of the MSS to
provide the desired performance level [15]. MSS can also be
subjected to the CCF which can lead to the failure of an entire
system or subsystem [16].
Many studies have investigated the reliability and modeling of the MSS with CCF. For instance, an algorithm was
proposed to evaluate the reliability of a complex nonrepairable series-parallel MSS with CCF under the assumption
that the failure propagation time is a random value with a
given distribution [17]. An MSS reliability analysis method
incorporated a CCF into a Bayesian network [18] which is
based on a well-defined theory of probabilistic reasoning
and the ability to express the complex dependence between
random variables. To reduce the computational complexity
caused by the MSS, where the number of states will increase
rapidly with the number of elements, a universal generating
function (UGF) was adopted by Ushakov [19]. Further developments and applications have been studied in detail [20].
Recently, the reliability analysis method based on the UGF
has been employed in many environments. A new reliabilityevaluation methodology based on the UGF and a recursive
algorithm was applied to a multistate weighted k-out-ofn system [21]. To analyze the reliability of the generalized
linear multistate consecutively connected system, a UGFbased method was suggested [22]. Using UGF, the evaluation
method of reliability characteristics for a nonrepair complex
system has been presented [23].
Although much interest has been focused on methods of
reliability analysis for systems with CCF, less attention has
been paid to the MSS with CCF, which only occurs in several
independent elements. The reliability of a transmission MSS
considering the CCF effects has been analyzed based on
Bayesian network model [18]. This model can clearly express
the influence of CCF on system reliability without the computation of minimum cut sets or the determination of algebraic
expression of unreliability. However, these parameter values
used in 𝛽-factor model reduce its accuracy because these
values are based on engineering experiences or published
statistics of CCF. An implicit two-stage procedure is proposed
to evaluate reliability of MSS with CCF [3]. This procedure
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can obtain the system reliability function in both analytic and
numerical solution. But the procedure can be applied only to
series-parallel MSS in which each component can belong only
to one common cause group.
Aiming at the research limitations mentioned above,
such as the inaccuracies of parameter values and nonoverlap
of common cause group, an easily programmed recursive
method is suggested for this situation, with the benefit of
reduced computational complexity for reliability and performance distribution assessment. Using the sensitivity analysis
method, it is easy to locate the optimal solution to eliminate
the CCF and will help engineers to find the bottlenecks
of system reliability design. This method is based on the
application of UGF.
This paper is organized as follows. Section 2 formulates
the MSS with CCF. In Section 3, based on the expression
of the CCF, the algorithm to calculate the system reliability
is presented. Several illustrative examples are shown in
Section 4. Section 5 discusses the conclusions.

2. System Description
2.1. Formulations of the MSS. Under the framework of multistate modeling, an MSS consists of 𝑛 components connected
in series-parallel. A characteristic of the MSS is that any
component 𝑖 can be in one of 𝑚𝑖 + 1 performance levels
corresponding to states 𝑠 ∈ {0, 1, 2, . . . , 𝑚𝑖 }, 𝑖 = 1, 2, . . . , 𝑛.
State 0 is for the perfect function, state 𝑚𝑖 for complete
failure and other intermediate states are for partial failure or
degradation. Without loss of generality, the performance level
at each state of component 𝑖 will take values from the set
hi = {ℎ𝑖0 , ℎ𝑖1 , . . . , ℎ𝑖𝑚𝑖 } .

(1)

Then the space of all combinations of performance levels
for all components can be given by
𝐻𝑛 = h1 × h2 × ⋅ ⋅ ⋅ × h𝑛 ,

(2)

where the operator × denotes the Cartesian product. The
event of every performance level for component 𝑖 at any time
is also assumed to a discrete random variable 𝐻𝑖 ∈ hi . The
probability set of 𝐻𝑖 can be expressed by
p𝑖 = {𝑝𝑖0 , 𝑝𝑖1 , . . . , 𝑝𝑖𝑚𝑖 } .

(3)

𝑚

Obviously ∑0 𝑖 𝑝𝑖𝑠 = 1, because that the 𝑚𝑖 + 1 states
constitute a group of mutually exclusive events, i.e., the
component 𝑖 can be in one and only one state from 𝑠 at
any time. The relationship between the variable 𝐻𝑖 and
performance gi can be given by
𝑝𝑖𝑠 = Pr {𝐻𝑖 = ℎ𝑖𝑠 } .

(4)

Another characteristic of the MSS is that it usually will
consist of more than two states. Here, some external factors
causing the failures or degradations of a system are not
considered. Under this assumption, the performance levels of
the MSS will be unambiguously ascertained by performance
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levels of its components, whose states will consequently
determine the states of the MSS.
Suppose that the MSS has 𝑀 + 1 states and the variable
𝑤𝑗 is the performance level corresponding to system state
𝑗 ∈ {0, 1, 2, . . . , 𝑀}. The MSS performance level can be seen
as a discrete random variable 𝑊 taking values from the set
𝐿 = {𝑤0 , 𝑤1 , . . . , 𝑤𝑀}. Using (2), the system function can be
written as
𝑊 = 𝜙 (𝐻1 , 𝐻2 , . . . , 𝐻𝑛 ) : 𝐻𝑛 → 𝐿.

(5)

The above formula is the map of the performance level
space from all components to the system. Similarly, the
probability of system performance can be expressed as
𝑞𝑗 = Pr {𝑊 = 𝑤𝑗 } , 𝑗 = 0, 1, . . . , 𝑀.

(6)

From the analysis above, the keys of the MSS model are
given as follows:
(i) The MSS consists of 𝑛 components connected in
series-parallel.
(ii) Any component 𝑖 has 𝑚𝑖 + 1 states. Each state’s
performance level and probability of a corresponding
performance level can be expressed as (1) and (3),
respectively.
(iii) The MSS will have 𝑀 + 1 states deduced from the
states of the 𝑛 components as defined in (5) and
its performance level will take a value from 𝐿 =
{𝑤0 , 𝑤1 , . . . , 𝑤𝑀}.
(iv) The probability of the MSS in a corresponding state
can be expressed by (6).

state. Having the system reliability 𝑅(𝜃), this measure can be
calculated by
Ω (𝜃) =

(∑𝑀
𝑗=0 𝑞𝑗 𝑤𝑗 Δ (𝑤𝑗 , 𝜃))
𝑅 (𝜃)

3. Analysis Method
The CCF caused by one component corresponds to the state
0 with the performance level ℎ𝑖0 = 𝑐. The performance
value can coincide with component performance in the state
of local failure and can usually be seen as zero. When the
component 𝑖 is in state 0 , all the system components affected
by this CCF will also be in the failure state with performance
𝑐. If one component cannot arouse a CCF, the probability
mass function (PMF) of the corresponding state should be
zeroed: 𝑝𝑖0 = 0. The UGF of component 𝑖 incorporating the
CCF can be rewritten as
𝑚𝑖

𝑢𝑖 (𝑧) = ∑ 𝑝𝑖𝑘𝑖 ∗ 𝑧ℎ𝑖𝑘𝑖 + 𝑝𝑖0 ∗ 𝑧𝑐 .

(7)

𝑗=0

where
Δ (𝑤𝑗 , 𝜃) = 1,

𝑤𝑗 ≥ 𝜃

Δ (𝑤𝑗 , 𝜃) = 0,

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.

(8)

Another important measure is the conditional expected
performance Ω(𝜃). It expresses the system’s expected performance under the condition that the MSS is in an acceptable

(10)

𝑘𝑖 =0

The conditional PMF of any component 𝑖 that cannot fail
due to the CCF can be represented by
𝑢𝑖 (𝑧) = ∑

𝑘𝑖 =0

𝑝𝑖𝑘𝑖
1 − 𝑝𝑖0

∗ 𝑧ℎ𝑖𝑘𝑖 ,

(11)

where 𝑝𝑖0 is the probability of causing the CCF.
Suppose there are 𝑏 ≤ 𝑛 components that can independently and simultaneously cause the CCF. For component
vector 𝛽 = {𝛽(1), 𝛽(2), . . . , 𝛽(𝑟), . . . , 𝛽(𝑏)}, 𝑟 ∈ [1, 𝑏], the
probability that the CCF originated from one component
is expressed as 𝑝𝛽(𝑟)0 . Since these CCFs can be combined
independently, the number of combination is 2𝑏 .
For any combination 𝛿, (0 ≤ 𝛿 ≤ 2𝑏 − 1), the CCF
originates from component 𝛽(𝑟) if
𝜀 (𝑟) = mod2 ⌊

𝑀

𝑅 (𝜃) = ∑𝑞𝑗 Δ (𝑤𝑗 , 𝜃) ,

(9)

To calculate these measures, the performance level distribution of a system should be first obtained according to (6).
UGF has been proved an effective method for the reliability
assessment of different types of MSS. In particular, the seriesparallel system is likely to adopt it by the recursive method.

𝑚𝑖

2.2. Indices of Reliability. According to the origin of the CCF,
there are two types of cause: external and internal cause.
The CCF caused by the latter is often called a propagated
failure because it will affect other system components. In
an MSS where the CCF has an internal cause, the failed
components will propagate to other components which may
be mutually independent or even overlap with one or more
components. Then the system performance level will be
undermined with an induced decrease in reliability. When
the system performance level is reduced to a limit value 𝜃,
which is often called system demand, the system will be seen
as unacceptable. The reliability of the MSS with CCF can be
defined as the probability that the system satisfies the value of
𝜃. From (6), one can obtain

.

𝛿
⌋ = 1, 1 ≤ 𝑟 ≤ 𝑏.
2𝑟−1

(12)

After evaluating the above formula for 𝛿 = 0 to 𝛿 = 2𝑏 − 1, the
set of components corresponding to the combination 𝛿 can
be obtained. For every combination 𝛿, the probability of the
corresponding CCF is
𝑏

𝜀(𝑟)
𝜙𝛿 = ∏𝑝𝛽(𝑟)0
 (1 − 𝑝𝛽(𝑟)0 )

1−𝜀(𝑟)

,

(0 ≤ 𝛿 ≤ 2𝑏 − 1) . (13)

𝑟=1

According to the properties of the CCF, other components failed because component 𝛽(𝑟) can be denoted by 𝑆𝛽(𝑟) .
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For every combination 𝛿, the set of components affected by
the CCF and aroused the CCF can be obtained by

Component

𝑏


𝜇𝛿 = ⋃𝑆𝛽(𝑟)
,

(14)

{𝑆𝛽(𝑟) ∪ {𝛽 (𝑟)} , 𝜀 (𝑟) = 1

.
={
𝑆𝛽(𝑟)
⌀,
𝜀 (𝑟) = 0
{

(15)

𝑟=1

where

Given that one component fails due to the CCF, the
conditional PMF of its performance level can be represented
by 𝜓(𝑧) = 𝑧𝑐 , which indicates the component can be only in
the failure state with performance level 𝑐.
When the CCF corresponding to combination 𝛿 occurs,
all components in the set 𝜇𝛿 will come in the CCF mode, and
their UGFs will be replaced by 𝜓(𝑧). However, the UGFs of
components not belonging to the set 𝜇𝛿 must be represented
by (11). Then the conditional PMF of the overall system
performance will be obtained as 𝑢𝛿 (𝑧) in the form of a UGF.
From (13), the system UGF can be calculated as
2𝑏 −1

𝑈𝑠𝑦𝑠 (𝑧) = ∑ 𝑢𝛿 (𝑧) ∗ 𝜙𝛿 .

Table 1: Performance distribution of components.

(16)

𝛿=0

Based on the UGF of the whole system, the relevant
indices of reliability can be assessed by combining (7) and (9).
Combined with the above analysis, the following steps
should be adopted to realize the assessment:
S1. Incorporate the CCF into each component’s UGF
according to (10).
S2. Obtain the conditional UGF 𝑢𝑖 (𝑧) of component 𝑖
by (11).
S3. Determine all possible combinations of components aroused by the CCF.
S4. For every combination 𝛿, (0 ≤ 𝛿 ≤ 2𝑏 − 1), fix
its corresponding components which can inspire the
CCF according to (12).
S5. Calculate the probability of every combination 𝛿
using (13).
S6. Determine the set of components affected by the
CCF given one combination 𝛿 according to (14).
S7. Replace the UGF of all components belonging
to set 𝜇𝛿 with 𝜓(𝑧), and use the UGF 𝑢𝑖 (𝑧) of the
components not belonging to it.

C11
C12
C13
C21
C22

Perfect state
p
h
0.88
3
0.89
5
0.79
3
0.86
6
0.85
2

C 11
A

Local failure
p
0.07
0.11
0.15
0.14
0.15

Failure to cause CCF
p
0.05
0.06
-

CG1
C 21

C 12

B

C 22
C 13

CG2

Sub1

Sub2

Figure 1: Series-parallel structure MSS.

4. Application Examples
4.1. Basic Application. A numerical example illustrates the
above method for the reliability assessment of the MSS
with CCF. A type of MSS with a series-parallel structure,
as shown in Figure 1, is a typical configuration. In a flow
transition system, matter such as oil, water, or steam is often
transmitted from terminal A to terminal B by interconnected
components.
For example, in the feeding water system of a power
plant, components (pumps) are grouped into two subsystems;
sub1 consists of C11, C12, and C13 connected in parallel,
and sub2 consists of C21 and C22. Their parameters of
performance distribution are listed in Table 1. As shown in
this table, all components can fail with a given probability.
But only components C11 and C13 can arouse the CCF. C11
can destroy component C21 owing to its nearby location and
then constitute the CCF group CG1 with component C21.
Component C13 will stimulate the failure of components C21
and C22 at the same time, to form the second CCF group
CG2. The reasons for the CCF can be events such as fire or
lightning.
According to the above steps, the UGF of every component can be obtained as follows:
𝑢𝐶11 (𝑧) = 0.88 ∗ 𝑧3 + 0.07 ∗ 𝑧0 + 0.05 ∗ 𝑧𝑐

S8. Based on the physical structure of the seriesparallel MSS, represent the conditional UGF 𝑢𝛿 (𝑧).

𝑢𝐶12 (𝑧) = 0.89 ∗ 𝑧3 + 0.11 ∗ 𝑧0 + 0.0 ∗ 𝑧𝑐

S9. Obtain the UGF of the entire system 𝑈𝑠𝑦𝑠 (𝑧),
according to (16).

𝑢𝐶13 (𝑧) = 0.79 ∗ 𝑧5 + 0.15 ∗ 𝑧0 + 0.06 ∗ 𝑧𝑐

After 𝑈𝑠𝑦𝑠 (𝑧) has been obtained, the reliability indices can
be further calculated according to (7) and (9). The following
section will illustrate the above method.

𝑢𝐶21 (𝑧) = 0.86 ∗ 𝑧6 + 0.14 ∗ 𝑧0 + 0.0 ∗ 𝑧𝑐
𝑢𝐶22 (𝑧) = 0.85 ∗ 𝑧2 + 0.15 ∗ 𝑧0 + 0.0 ∗ 𝑧𝑐 .

(17)
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Table 2: Value of 𝜀(𝑟), 𝜙𝛿 , and 𝜇𝛿 for any combination 𝛿.

𝛿
0
1
2
3

𝜀(𝑟)
𝑟=1
0
1
0
1

𝑟=2
0
0
1
1

𝜙𝛿

𝜇𝛿

= (1 − 0.05) ∗ (1 − 0.06) = 0.893
= 0.05 ∗ (1 − 0.06) = 0.047
= (1 − 0.05) ∗ 0.06 = 0.057
= 0.05 ∗ 0.06 = 0.003

⌀
{𝐶11 , 𝐶21 }
{𝐶13 , 𝐶21 , 𝐶22 }
{𝐶11 , 𝐶21 } ∪ {𝐶13 , 𝐶21 , 𝐶22 }

From (11), the conditional UGFs of components take the
following forms:
𝑢𝐶 11 (𝑧) = 0.9263 ∗ 𝑧3 + 0.0737 ∗ 𝑧0

𝑢1 (𝑧) = [(𝑧0 ) ⊗𝑠𝑢𝑚 (0.89 ∗ 𝑧3 + 0.11 ∗ 𝑧0 )

𝑢𝐶 12 (𝑧) = 0.89 ∗ 𝑧3 + 0.11 ∗ 𝑧0
𝑢𝐶 13 (𝑧) = 0.8404 ∗ 𝑧5 + 0.1596 ∗ 𝑧0

⊗𝑠𝑢𝑚 (0.8404 ∗ 𝑧5 + 0.1596 ∗ 𝑧0 )]
(18)

𝑢𝐶 21 (𝑧) = 0.86 ∗ 𝑧6 + 0.14 ∗ 𝑧0

The conditional UGFs of component C12 , C21 , and C22
can be obtained by removing 0.0 ∗ 𝑧𝑐 directly. Two components, 𝛽(1) = 𝐶11 , 𝛽(2) = 𝐶13 , cause the CCF, and then
𝑆𝛽(1) = {𝐶21 }, 𝑆𝛽(2) = {𝐶21 , 𝐶22 }. The other variables are listed
in Table 2.
According to the physical nature of the components’
interconnection, the function within subsystems sub1 and
sub2 should take the form of the sum, and the function
between two subsystems should take the form of the minimum. Then the conditional UGF of the entire system can be
denoted as
𝑢𝛿 (𝑧) = 𝑢𝑠𝑢𝑏1 (𝑧) ⊗min 𝑢𝑠𝑢𝑏2 (𝑧)

⊗min (𝑢𝐶 21

(𝑧) ⊗𝑠𝑢𝑚 𝑢𝐶 22

⊗min [(𝑧0 ) ⊗𝑠𝑢𝑚 (0.85 ∗ 𝑧2 + 0.15 ∗ 𝑧0 )] = 0.835 ∗ z2

(19)

(𝑧)) .

For 𝛿 = 2 and 𝜇𝛿 = {𝐶13 , 𝐶21 , 𝐶22 }, the UGF of
components 𝐶13 , 𝐶21 , 𝐶22 must be replaced by 𝜓(𝑧) in (19).
So one can obtain the following formula:
𝑢2 (𝑧) = [(0.9263 ∗ 𝑧3 + 0.0737 ∗ 𝑧0 )
⊗𝑠𝑢𝑚 (0.89 ∗ 𝑧3 + 0.11 ∗ 𝑧0 ) ⊗𝑠𝑢𝑚 (𝑧0 )]
⊗min [(𝑧0 ) ⊗𝑠𝑢𝑚 (𝑧0 )] = 𝑧0 .
When 𝛿 = 3, the UGF of components 𝐶11 , 𝐶13 , 𝐶21 , 𝐶22
should be substituted with 𝜓(𝑧). Then (19) will be written as
𝑢3 (𝑧)
= [(𝑧0 ) ⊗𝑠𝑢𝑚 (0.89 ∗ 𝑧3 + 0.11 ∗ 𝑧0 ) ⊗𝑠𝑢𝑚 (𝑧0 )]

The whole system’s UGF can be obtained by
3

𝛿=0

= 0.5442 ∗ 𝑧8 + 0.1971 ∗ 𝑧6 + 0.0053 ∗ 𝑧5

∗ 𝑧0 .

⊗𝑠𝑢𝑚 (0.8404 ∗ 𝑧5 + 0.1596 ∗ 𝑧0 )]

∗ 𝑧3 + 0.1188 ∗ 𝑧2 + 0.0222 ∗ 𝑧0 .

(24)

+ 0.0205 ∗ 𝑧3 + 0.1453 ∗ 𝑧2 + 0.0876

⊗𝑠𝑢𝑚 (0.89 ∗ 𝑧3 + 0.11 ∗ 𝑧0 )

= 0.6094 ∗ 𝑧8 + 0.2207 ∗ 𝑧6 + 0.0059 ∗ 𝑧5 + 0.0230

(23)

⊗min [(𝑧0 ) ⊗𝑠𝑢𝑚 (𝑧0 )] = 𝑧0 .

𝑢0 (𝑧) = [(0.9263 ∗ 𝑧3 + 0.0737 ∗ 𝑧0 )

⊗𝑠𝑢𝑚 (0.85 ∗ 𝑧2 + 0.15 ∗ 𝑧0 )]

(22)

𝑈𝑠𝑦𝑠 (𝑧) = ∑ 𝑢𝛿 (𝑧) ∗ 𝜙𝛿

For 𝛿 = 0 and 𝜇𝛿 = ⌀, no UGF should be replaced with
𝜓(𝑧). Equation (19) can be expressed as

⊗min [(0.86 ∗ 𝑧6 + 0.14 ∗ 𝑧0 )

(21)

+ 0.165 ∗ 𝑧0 .

𝑢𝐶 22 (𝑧) = 0.85 ∗ 𝑧2 + 0.15 ∗ 𝑧0 .

= (𝑢𝐶 11 (𝑧) ⊗𝑠𝑢𝑚 𝑢𝐶 12 (𝑧) ⊗𝑠𝑢𝑚 𝑢𝐶 13 (𝑧))

For 𝛿 = 1 and 𝜇𝛿 = {𝐶11 , 𝐶21 }, only 𝑢𝐶 11 (𝑧) and 𝑢𝐶 21 (𝑧)
will be substituted by 𝜓(𝑧) = 𝑧𝑐 . In the case of failure, the
performance level is zero. Equation (19) will be rewritten as

(20)

Now the reliability of the entire system with CCF can be
depicted as in Figure 2.
According to (7), the reliability of the system with
performance 𝜃 = 4 can be calculated as follows. Point A in
Figure 2 is the reflection of the reliability value:
8

𝑅 (4) = ∑𝑞𝑗 Δ (𝑤𝑗 , 4) = 0.5442 + 0.1971 + 0.0053
𝑗=0

= 0.7466.

(25)
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Table 3: Performance distribution of components.
Perfection

Component

p
0.8
0.75
0.85
0.90
0.82
0.93
0.82
0.89
0.82

C11
C12
C21
C22
C23
C31
C32
C33
C34

Degradation
h
9
12
8
11
7
13
11
9
11

p
0.10
0.09
0.12
0.13
0.05
0.10

h
7
8
6
5
7
7

1
0.95
0.9
0.85
R()

0.8
A

0.75
0.7
0.65
0.6
0.55
0.5

0

1

2

3

4

5

6

7

8



Figure 2: Reliability of the system.

CG 4

CG 1

C11
A

C21

C31
C32

C22
C12
CG 2

C33
C23
CG 3

Sub1

B

Sub2

C34
Sub3

Local failure
p
0.05
0.05
0.03
0.10
0.05
0.07
0.11
0.11
0.05

Failure of causing CCF
p
0.05
0.11
0.02
0.03

4.2. Advanced Application. A more practical example will
be depicted and the sensitivity of the CCF can be further
analyzed. Suppose an MSS production system consists of
nine components connected in series-parallel, as shown in
Figure 3.
The system can be divided into the subsystems. Components C22 , C31 , and C33 have only binary states. All the others
can be seen as multistate components with two operating
states: perfect and degraded performance.
The CCF can be inspired by four components 𝛽 =
{𝐶11 , 𝐶12 , 𝐶32 , 𝐶34 }. The set of components affected by the
CCF are 𝑆𝛽(1) = {𝐶21 }, 𝑆𝛽(2) = {𝐶22 , 𝐶23 }, 𝑆𝛽(3) = {𝐶21 },
and 𝑆𝛽(4) = {𝐶23 , 𝐶32 }. These components constitute four
CCF groups, CG1 , CG2 , CG3 , and CG4 . The performance
distributions of system components for operating states and
failing states are listed in Table 3.
According to the analysis method suggested above, the
reliability curve at different performance levels can be represented as in Figure 4.
There are 21 performance levels corresponding to this
MSS, as shown in the results. For example, the data points A,
B, C, and D are the reliabilities at performance: 𝑅(5) = 0.9782,
𝑅(10) = 0.8154, 𝑅(15) = 0.7228, and 𝑅(20) = 0.4711,
respectively.
Under the limitation of cost, it is necessary to find the
most valuable component than can improve the reliability of
the system to the greatest extent when the CCF originating
from it is eliminated. In other words, the sensitivity of components can be further analyzed by the suggested method.
When the CCF of component 𝑖 is localized, its UGF will be
rewritten as follows, according to (10)
𝑚𝑖

𝑢𝑖 (𝑧) = ∑ 𝑝𝑖𝑘𝑖 ∗ 𝑧ℎ𝑖𝑘𝑖 + (𝑝𝑖0 + 𝑝𝑖0 ) ∗ 𝑧0 .

Figure 3: An MSS production system.

(27)

𝑘𝑖 =1

Using (9), the conditional expected system performance
level at reliability 𝑅(4) is
Ω (4) =

(8 ∗ 0.5442 + 6 ∗ 0.1971 + 5 ∗ 0.0053)
0.7466

= 7.4507.

(26)

The CCF can be incorporated in the failure state without
arousing other components’ failures, and the performance
level is also zeroed. Then the system reliability can be
reassessed when the CCF in one single component is eliminated. The improvements shown in Table 4 have been
compared with the case where no CCF is removed.
In Table 4, the performance level 𝜃 is chosen from 8 to 15
and the reliability 𝑅(𝜃) corresponds to cases where no CCF
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A
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:5
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:10
R():0.8154

B

Reliability()

C

:15
R():0.7228

0.6

:20
R():0.4711
D

0.4

0.2

0

0

5

10
15
Performance 

20

25

Figure 4: Curve of reliability at different performance levels.
Table 4: Comparison of reliability improvement after the CCF is removed from one single component.
𝜃

R(𝜃)

8
9
10
11
12
13
14
15

0.943819
0.856588
0.815374
0.815374
0.808013
0.740249
0.722797
0.722768

𝛽(1) = 𝐶11
0.42%
0.38%
0.40%
0.40%
0.70%
0.00%
0.00%
0.00%

Improvement after specified component’s CCF is eliminated
𝛽(2) = 𝐶12
𝛽(3) = 𝐶32
𝛽(4) = 𝐶34
1.50%
0.33%
0.05%
10.14%
0.17%
0.28%
0.00%
0.17%
0.43%
0.00%
0.17%
0.43%
0.00%
0.30%
0.63%
0.00%
0.31%
0.54%
0.00%
0.27%
0.72%
0.00%
0.27%
0.72%

is excluded. For the four components that can cause the CCF,
the improved reliability is expressed in percentage form after
the corresponding CCF has been eliminated.
Moreover, for a specified performance level 𝜃, the best
component can be chosen to localize its CCF. For 𝜃 = 9, the
component 𝛽(2) = 𝐶12 should be the best one to be improved
because its improving proportion can reach 10.14%. At the
same time, when one component has been chosen, the best
performance level can be determined according to the extent
of improvement. For example, because of some limitations
only 𝛽(1) = 𝐶11 can be maintained to remove its CCF, and the
best performance level corresponding to the biggest reliability
improvement, 0.7%, is 𝜃 = 12. The analysis of sensitivity to
CCF localization will help engineers to find bottlenecks in the
system reliability design and to properly direct investment in
reliability enhancement.

5. Concluding Remarks
In this paper a reliability assessment method is suggested
for the series-parallel MSS with CCF. The components that
can arouse the CCF may cause failures of different subsets of
system components. These subsets can even overlap on some

components. This method is based on the UGF application,
and the factor of the CCF is incorporated in the expression of
the UGF. Because of its repetition for every combination, the
method is conveniently programmed by iteration. The indices
of reliability and expected conditional performance level can
be obtained. The sensitivity of components can be further
analyzed. This method will help for reliability engineers to
decide which component is the most valuable to be invested
in, so as to eliminate its CCF. According to the assumptions
in this method, the structure of the MSS is applied only to
the series-parallel system. The more complex MSS topologies
such as bridge and G:(k/n) structures need to be considered
in the future.
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Trade credit is widely used for its advantages. However, trade credit also brings default risk to the manufacturer due to the uncertain
demand. And moral hazard may aggravate the default risk. The purpose of this paper is to investigate the role of moral hazard in
trade credit and explore incentive contract under uncertain demand and asymmetric information. We consider a two-echelon
supply chain consisting of a risk-neutral retailer ordering a single product from a risk-neutral manufacturer. Market demand
is stochastic and is influenced by retailer’s sales effort which is his private information. Incentive theory is used to develop the
principal-agent model and get the incentive contract from the manufacturer’s perspective. Results show that the retailer will reduce
his effort level to get more profit and the manufacturer’s profit will be reduced, in the case of asymmetric information. Facing this
result, the manufacturer will reduce the order quantity in incentive contract to lessen his losses. Numerical examples are provided
to illustrate all these theoretical results and to draw managerial insights.

1. Introduction
Emerging trends and practices have joint considered capital
flow, material flow, and information flow in supply chain
[1]. The typical financial resources for firms in supply chain
include trade credit, bank credit, and capital budget. This
paper focuses on the trade credit. Trade credit is widely used,
with a survey indicating that companies were granting trade
credits for up to 80% of their business transactions in some
European countries [2].
Trade credit cannot be replaced by bank loans for its
advantages. Comparatively speaking, trade credit is more
accessible and less expensive than bank loans when a buyer
faces constrained finance. And trade credit has been proven
to be one of the more effective competitive tools for product
market lenders [3, 4]. It was found in a study on Spanish firms
that SMEs with credit constrained depended on trade credit
instead of bank loans, particularly during the financial crisis
[5]. It was also concluded that trade credit had advantages
for both the supplier and the retailer in the supply chain
[6].

Trade credit is widespread and has been shown to be
good for the supply chain. But it can also result in default
risks and even bankrupt risks to the manufacturer if the
retailer is unable to settle the account on time. For example,
when demand decreases suddenly at a certain time because
of the uncertain market demand, the retailer may not have
sufficient funds to pay the manufacturer because of bad sales.
Therefore, the unsold losses are transferred from the retailer
to the manufacturer because of the trade credit, which results
in a loss to the manufacturer, and even results in a domino
effect and a supply chain crisis. For example, the 2008 US
subprime crisis resulted in an economic downturn in many
countries, and some small open economies that had little
direct exposure to the US subprime mortgage market suffered
from a fall in export demand by up to 30% in the second half
of 2008 [7]. This means that providing trade credit could be
risky for the manufacturer when facing uncertain demand.
Such risks may be worse when the retailer has private
information about his sales effort level which can influence
the uncertain demand. Cachon (2003) summarized that the
moral hazard caused by retailer’s private information of sales
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effort level would reduce the manufacturer’s profit and the
efficiency of the supply chain [8]. Because the effort level is the
retailer’s private information and the retailer will pay effort
to maximize his profit instead of paying as the request. The
quantity discount contract can fix that when there is no trade
credit. Uncertain demand and asymmetric information are
common in commercial activities. Therefore, including the
moral hazard and the uncertain demand, which can result in
default risk, is critical when analyzing trade credit in supply
chain management. When studying trade credit with default
risk few papers study moral hazard. Therefore, this paper
seeks to fill this gap by studying the moral hazard and default
risk in trade credit.
In this paper, our motivation for developing principalagent models under the situation of symmetric information
and the situation of asymmetric information separately is to
investigate the impact of moral hazard on trade credit and
explore the incentive contract. What is the effect of trade
credit with uncertain demand influenced by retailer’s sales
effort? How does the moral hazard influence the trade credit?
What contract can weaken the moral hazard? Our research
will attempt to answer these questions.
The remainder of the paper is structured as follows.
Section 2 provides a review of existing article about trade
credit in supply chain. Section 3 presents assumptions
and notations and describes the basic model. The model
under symmetric information is developed and analyzed in
Section 4. The influence of moral hazard under asymmetric
information is analyzed and incentive contract is derived in
Section 5, followed by an application example in Section 6.
Finally, Section 7 draws conclusions.

2. Literature Review
Since Goyal (1985) first introduced the economic order
quantity (EOQ) model to study trade credit in supply chains
[9], the model has been extended to deteriorating items
and two or three level trade credits from the retailer’s view
to determine specific replenishment policies. For example,
Aggarwal and Jaggi (1995) built the model for deteriorating
items under trade credit [10], and Teng (2009) extended the
model to two-level trade credit [11], in which the supplier
offers trade credit to the retailers and the retailer offers trade
credit to their customers. Then, Tiwari (2018) considered this
study under two-level partial trade credits in supply chain
[12]. Besides deteriorating items, Lin et al. (2019) considered
the variable capacity utilization under trade credit [13].
Feng and Chan (2019) concerned manufacturer’s production
cost which follows a learning curve effect and studied the
optimal lot-sizing and pricing strategies with both upstream
and downstream trade credit [14]. Chung et al. (2014) [15]
also developed an economic production quantity inventory
model for deteriorating items under a two-level trade credit
to determine an optimal replenishment policy. Along with
deteriorating items and two-level trade credit, Liao et al.
(2017) also considered partial trade credit and two storage
facilities in situations when the supplier’s own warehouse was
not sufficient for the order quantity and a rented warehouse
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was required for the excess units [16]. Some more literatures
focused on the trade credit influence on decision-making in
supply chain. For example, Zhong et al. (2018) introduced the
trade credit to supply chain network design [1], and HosseiniMotlagh et al. (2018) introduced trade credit to the collaborative model for coordination in a supply chain consisting of
one monopolistic manufacturer and two competing retailers
[17].
The literatures above have assumed that market demand
is constant or depending on the retail price. And under this
assumption, some literatures have sought to coordinate the
supply chain inventories under a trade credit environment
to enhance supply chain efficiency. Luo (2007), for example,
analyzed supply chain coordination using credit periods [18],
and Yang et al. (2014) examined the efficiency of quantity
discounts on supply chain coordination [19]. These assumptions about the demand mean that there is no default risk for
trade credit, which means the borrower can repay the credit
loan certainly. In reality, however, the borrower cannot always
repay the credit loan because of the bad sales. And this brings
the default risk to lenders.
Considering the default risk coming from the probabilities of the supplier and the retailer’s bankruptcy, Lee and
Rhee (2011) applied a Newsvendor framework to study supply
chain coordination using trade credit as a tool from the
supplier’s perspective [20]. For Lou and Wang (2013) and Wu
et al. (2017), the optimal order quantity and credit period
were discussed by assuming that the longer the credit period
offered to the buyer, the higher the default risk to the seller
[21, 22]. Tsao (2018) extended this study to the uncertain
default risk [23].
The uncertain demand is an important factor to the
default risk and is common in business. Therefore, including
uncertain demand is critical when analyzing trade credit in
supply chain. Under an uncertain demand scenario, Chaharsooghi and Heydari (2010) and Arkan and Hejazi (2012)
proposed incentive schemes to coordinate the supply chain
[24, 25]; Heydari (2015) then extended to truckload limitations [26]. Heydari et al. (2017) investigated how a two-level
trade credit contributed to coordination under an assumed
stochastic and credit-dependent demand [2]. Although these
literatures above assumed an uncertain demand, the default
risk coming from this uncertain demand under trade credit
was not considered.
Considering the default risk coming from the uncertain
demand, Kouvelis and Zhao (2012) analyzed a retailer’s
optimal decisions when seeking a loan from the supplier or
from a bank and a supplier’s optimal contract parameters
[27]. Chen (2015) concluded that the trade credit made
both channel members better off, and there was a unique
financing equilibrium in wholesale price contracts when
retailers were confronted with capital constraints [28]. No
more literatures, which consider the default risk coming from
the uncertain demand, are found. But the assumption about
uncertain demand in supply chain is popular and is the
base of newsvendor model. The default risk in credit trade
always happens because of bad sales which is not as expected.
So, considering the default risk with uncertain demand is
necessary in trade credit study.
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To reduce the default risk, Yang et al. (2016) proposed
a two-period model with a flexible trade credit contract to
incentivize the retailer to settle the account early [29]. BigData analytics has also been proven to be a useful tool in
reducing default risk; when the retailer (supplier) has the
power to determine the credit period, the retailer (supplier)
can implement Big-Data analytics [30]. In the presence of
both retailer and supplier capital constraints, Kouvelis and
Zhao (2012) [27] applied a supplier early payment discount
scheme and concluded that both supplier and retailer preferred trade credit to bank financing. They also surmised
that the reason not all suppliers wanted to offer cheap trade
credits was because of symmetric information, such as an
asymmetric ability to pay, asymmetric demand information,
and asymmetric action about effort.
Asymmetric information is common in commercial
activities. Ex ante asymmetric information is called adverse
selection and ex post asymmetric information is known
as moral hazard. Both adverse selection and moral hazard
can be harmful. Therefore, the principal seeks to mitigate
them. Using micro-data on Italian SMEs from 1998-2006, it
was found that banks could use trade credit as the signal
to offer additional loans to reduce asymmetric information
[31]. However, there is also asymmetric information in trade
credit. The adverse selection has been considered in previous
studies, such as Wang (2018), in which the asymmetric credit
default risk was discussed [32]. But moral hazard has not been
widely considered. Therefore, this paper seeks to fill this gap
by accounting for moral hazard.
With the mitigation of moral hazard in mind, some studies have designed incentive contracts under certain demand.
Through the development of an agency model, Pindado
(2007) found that in certain circumstances, trade credit was
offered primarily to mitigate adverse selection rather than to
mitigate moral hazard [33]. The question remains therefore
as to whether the moral hazard under trade credit can
be mitigated. Costello (2013) claimed that long-term rather
than short-term contracts could better reduce moral hazard
[34]. Csóka et al. (2015) proved that in the asymmetric case
the borrowing capacity and the welfare of the society are
weakly smaller than in the symmetric case by developing a
game model [35]. In which discrete revenue was considered
and trade credit was seen as similar to equity financing.
Wang and Liu discussed the supply chain coordination
under trade credit and moral hazard caused by retailer’s
private information about effort level [36]. They considered
uncertain demand influenced by retailer’s effort. But they did
not consider the default risk from the uncertain demand.
Overall, from the perspective of supply chain management research, most literatures studying for trade credit
adopt EOQ model and assumed constant market demand
rate. And they also ignored the default risk for trade credit.
A few existing papers focused on enhancing supply chain’s
efficiency and considered the default risk coming from
the uncertain demand, which is a popular assumption in
supply chain management. According to the authors’ best
knowledge, there have been few papers examining the moral
hazard and default risk simultaneously in trade credit, under
uncertain demand.
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Therefore, in this paper, we construct principal-agent
models based on newsvendor model to shed some light on
the role of default risk and moral hazard in trade credit.
This work is an extension of Chen (2015), which studied the
trade credit contract considering default risk coming from
the uncertain demand [28]. And moral hazard, because of
retailer’s private information of his sales effort, is introduced
in this paper. Our work is distinguished from earlier studies
as follows: (1) studying the impact of moral hazard on trade
credit and (2) exploring the incentive contract to mitigate the
impact of moral hazard. In addition, the decisions of retailers
with different working capital are analyzed. At the same time,
the condition when the manufacturer adopts the incentive
contract is also studied.

3. Model Description
3.1. Assumptions and Notations. Most of the assumptions and
notations are based on Wang and Liu (2018) [36], except the
default risk coming from the trade credit. A supply chain
with a risk-neutral manufacturer and a risk-neutral retailer
is considered. The retailer purchases a single product from
the manufacturer. The manufacturer dominates and first sets
trade credit contract menu. Then, the retailer chooses the
contract and executes his effort according to contract terms
and market situation. The retailer is capital constraint. He
pays part of the transfer payment with his working capital and
arranges to settle the remainder of the account at the end of
the sales period, when ordering.
The retailer faces the uncertain market demand. We
assume the demand without sales effort effect is 𝑦 with
a cumulative distribution function 𝐹(𝑦) and a probability
density function𝑓(𝑦). The market demand is affected by
the retailer’s effort, such as the promotion, maintaining
and developing customers, etc. To model retailer’s effort,
supposing a single effort level, 𝑒, summarizes the retailer’s
activities and let 𝜓(𝑒) be the retailer’s cost of exerting effort
level 𝑒, where 𝜓(𝑒) = 0 𝜓 (𝑒) > 0 and 𝜓 (𝑒) > 0; let 𝐹(𝑦 | 𝑒)
be the distribution of demand given the retailer’s sales effort
level 𝑒, where demand is stochastically increasing in effort,
i.e., 𝐹𝑒 (𝑦 | 𝑒) < 0, 𝐹𝑒𝑒 (𝑦 | 𝑒) > 0 [8].
Because of the uncertain demand, the retailer’s sales
revenue is uncertain. If the retailer’s sales revenue is sufficient to settle the account at the end of the sales period
the manufacturer recovers the balance due; otherwise, the
manufacturer receives all the retailer’s sales revenue but is
unable to recover the remaining debt because of the retailer’s
limited liability.
Finally, to focus on trade credit and incentive strategies,
assume the product is seasonal product and neglect the
salvage value of unsold items. The time value of the capital
is also not considered.
The following notations are used throughout this study.
𝑝 is the retailer’s unit product retail price;
𝑐 is the manufacturer’s unit product production cost;
𝜂 is working capital of the retailer;
𝑡 is total transfer payments from retailer to manufacturer;
𝑤 is the unit product wholesale price provided by manufacturer;
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Complexity
M oﬀers contract
menu {(t, q, e)}

R accepts or refuses
the contract

R puts in order q
and pays 

R executes
eﬀort e

The contract is
executed

Ｎ1

Ｎ2

Ｎ3

Ｎ4

Ｎ5

time

Figure 1: The sequence of events.

𝑞 is ordering quantity of the retailer;
𝑒 is sales effort level of the retailer;
𝜋𝑠 is manufacturer’s expected profit;
𝜋𝑟 is retailer’s expected profit;
𝜋 supply chain’s expected profit.
𝑒 is retailer’s decision variable. 𝑡 and 𝑞 are manufacturer’s
decision variables and constitute the contract provided by
manufacturer.

𝑒)𝑑𝑦 + 𝑝𝑓(𝑞 | 𝑒)𝜓 (𝑒) − 𝑝2 𝐹𝑒2 (𝑞 | 𝑒) > 0, which is implied
in Cachon with the same profit function and model of the
supply chain [37], the Hessian matrix of the binary function
𝜋(𝑞, 𝑒) is positive. Thus, from the supply chain perspective,
the optimal quantity and effort level (𝑞𝑜 , 𝑒𝑜 ) can be solved
from the following first order condition (4) and (5).
𝑞𝑜

− ∫ 𝑝𝐹𝑒𝑜 (𝑦 | 𝑒𝑜 ) 𝑑𝑦 − 𝜓 (𝑒𝑜 ) = 0

(4)

𝑝𝐹 (𝑞𝑜 | 𝑒𝑜 ) − 𝑐 = 0

(5)

0

3.2. The Basic Model. The manufacturer grants trade credit to
the retailer and finances the retailer’s purchase. The sequence
of events is illustrated in Figure 1, in which M represents the
manufacturer and R represents the retailer. Before making
a transaction, the manufacturer provides a contract menu
{(𝑡, 𝑞, 𝑒)}, which the retailer can accept or reject. Then, the
retailer chooses to accept or reject the contract menu. If
the retailer refuses it, the transaction ends. If the retailer
accepts it, he will put in order 𝑞 and pay 𝜂, leaving an
account 𝑡 − 𝜂 paid at the end of the sales period. The retailer
executes effort 𝑒 during the sales period according to the
contractual requirements. At the end of the sales period,
both the manufacturer and retailer execute the contract.
If there is adequate sales revenue to pay the account, the
manufacturer can recycle 𝑡−𝜂 owed by the retailer. Otherwise,
the manufacturer receives all sales revenue 𝑝𝑦 from the
retailer and the retailer goes bankrupt.
When the sales revenue of the retailer is enough to cover
the credit account, there is 𝑝𝑦 ≥ 𝑡 − 𝜂 which can be written as
𝑦 ≥ (𝑡 − 𝜂)/𝑝. Therefore, when 𝑦 ≥ (𝑡 − 𝜂)/𝑝, the retailer
repays the full credit 𝑡 − 𝜂 to the manufacturer, and when
𝑦 < (𝑡 − 𝜂)/𝑝 the retailer pays all sales revenue 𝑝𝑦 to the
manufacturer and declares bankrupt. Comprehending the
above, the manufacturer takes default risk, and his expected
profit function is
𝑧

𝜋𝑠 = 𝑡 (𝑞, 𝑒) − 𝑐𝑞 − ∫ 𝑝𝐹 (𝑦 | 𝑒) 𝑑𝑦
0

(1)

where 𝑧 = (𝑡 − 𝜂)/𝑝.
The retailer’s expected profit function is
𝑧

(2)

𝑞

0

(6)

0

4. The Model under Symmetric Information
In this part, we assume the retailer’s effort level can be
observed and verified by the manufacturer. The observable
and verifiable effort is contractual and enforceable. Therefore,
the effort can be signed in the contract designed by the
manufacturer to maximize his own profit.
From the sequence as Figure 1, the model of the manufacturer can be written as P1 based on the incentive theory.
𝑧

P1: 𝜋𝑠 = 𝑡 (𝑞, 𝑒) − 𝑐𝑞 − ∫ 𝑝𝐹 (𝑦 | 𝑒) 𝑑𝑦
0

(𝑡,𝑞,𝑒)

s.t.

(7)

𝜋𝑟 ≥ 𝜋𝑟0

where 𝜋𝑟0 is the retailer’s reserved profit, which indicates
that the retailer can get profit 𝜋𝑟0 when participating other
activities instead of this transaction. The constraint means
that the retailer cannot receive more profit in some other
activities than in this transaction.
Solving model P1 and Proposition 1 can be got as follows.
𝑞𝑜

The expected profit function of the integrated supply
chain is
𝜋 = 𝑝𝑞 − ∫ 𝑝𝐹 (𝑦 | 𝑒) 𝑑𝑦 − 𝑐𝑞 − 𝜓 (𝑒)

𝑞𝑜

𝜋 (𝑞𝑜 , 𝑒𝑜 ) = 𝑝𝑞𝑜 − ∫ 𝑝𝐹 (𝑦 | 𝑒𝑜 ) 𝑑𝑦 − 𝑐𝑞𝑜 − 𝜓 (𝑒𝑜 )

Proposition 1. Under symmetry information, the contract is

𝑞

𝜋𝑟 = 𝑝𝑞 − ∫ 𝑝𝐹 (𝑦 | 𝑒) 𝑑𝑦 − 𝑡 (𝑞, 𝑒) − 𝜓 (𝑒)

And the expected profit of the supply chain is

(3)

Subsequently, the second partial derivatives of function
(3) are −𝑝𝑓(𝑞 | 𝑒) and −𝜓 (𝑒), and both of them are not
𝑞
more than zero. With the assumption 𝑝𝑓(𝑞 | 𝑒) ∫0 𝑝𝐹𝑒𝑒 (𝑦 |

(𝑡1 (𝑞𝑜 , 𝑒𝑜 ), 𝑞𝑜 , 𝑒𝑜 ), where 𝑡1 (𝑞𝑜 , 𝑒𝑜 ) = 𝑝𝑞𝑜 − ∫𝑧𝑜 𝑝𝐹(𝑦 | 𝑒𝑜 )𝑑𝑦 −
𝜓(𝑒𝑜 ) − 𝜋𝑟0 . With this contract, the retailer retains the reserved
profit 𝜋𝑟0 , and the manufacturer receives all other residual
profit of the supply chain 𝜋𝑠1 = 𝜋(𝑞𝑜 , 𝑒𝑜 ) − 𝜋𝑟0 .
Proof. As the manufacturer does not allow the retailer to
earn more than reserved profit, the manufacturer makes the
𝑞
transfer payment 𝑡(𝑞, 𝑒) = 𝑝𝑞 − ∫0 𝑝𝐹(𝑦 | 𝑒)𝑑𝑦 − 𝜓(𝑒) +
𝑧

∫0 𝑝𝐹(𝑦 | 𝑒)𝑑𝑦−𝜋𝑟0 to maximize his profit. With this transfer
payment, the retailer’s expected profit is
𝜋𝑟1 = 𝜋𝑟0

(8)
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𝑞

The manufacture’s expected profit is 𝜋 = 𝑝𝑞 − ∫0 𝑝𝐹(𝑦 |
𝑒)𝑑𝑦 − 𝑐𝑞 − 𝜓(𝑒). This is the same as the expected profit
function of the integrated supply chain. So, the manufacturer
makes decision consistent with the integrated supply chain.
And the same as the integrated supply chain, the optimal
product transaction volume and the optimal effort are 𝑞𝑜 and
𝑒𝑜 , respectively.
Therefore, the transfer payment function and the profits
of both sides are as follows:
𝑞𝑜

𝑡1 (𝑞𝑜 , 𝑒𝑜 ) = 𝑝𝑞𝑜 − ∫ 𝑝𝐹 (𝑦 | 𝑒𝑜 ) 𝑑𝑦 − 𝜓 (𝑒𝑜 ) − 𝜋𝑟0
𝑧𝑜

𝑜

𝑜

(9)

With asymmetric information and the contract (𝑡1 (𝑞𝑜 ,
𝑒 ), 𝑞𝑜 , 𝑒𝑜 ), the retailer’s expected profit function is
𝑜

𝑞𝑜

𝜋𝑟2 = 𝑝𝑞𝑜 − ∫ 𝑝𝐹 (𝑦 | 𝑒) 𝑑𝑦 − 𝑡1 (𝑞𝑜 , 𝑒𝑜 ) − 𝜓 (𝑒)
𝑧𝑜

We take the partial derivatives of (12) and obtain
𝑞𝑜

𝜕2 𝜋𝑟2 /𝜕𝑒2 = − ∫𝑧𝑜 𝑝𝐹𝑒𝑒 (𝑦 | 𝑒)𝑑𝑦 − 𝜓 (𝑒). In addition, with
𝑞𝑜

the assumption − ∫𝑧𝑜 𝑝𝐹𝑒𝑒 (𝑦 | 𝑒)𝑑𝑦 − 𝜓 (𝑒) ≤ 0, according
to the first-order conditions, the retailer’s optimal effort 𝑒2 ∗
is the solution of the following equation:
𝑞𝑜

− ∫ 𝑝𝐹𝑒∗2 (𝑦 | 𝑒∗2 ) 𝑑𝑦 − 𝜓 (𝑒∗2 ) = 0

𝑜

where 𝑧 = (𝑡1 (𝑞 , 𝑒 ) − 𝜂)/𝑝.

(13)

𝑧𝑜

𝜋𝑟1 = 𝜋𝑟0

(10)

𝜋𝑠1 = 𝜋 (𝑞𝑜 , 𝑒𝑜 ) − 𝜋𝑟0

(11)

The profits obtained by the retailer and the manufacturer,
respectively, are
𝑞𝑜

𝜋𝑟2 = 𝑝 ∫ (𝐹 (𝑦 | 𝑒𝑜 ) − 𝐹 (𝑦 | 𝑒∗2 )) 𝑑𝑦 + 𝜓 (𝑒𝑜 )
𝑧𝑜

The retailer only retains the reserved profits 𝜋𝑟0 , and the
manufacturer receives the full residual supply chain profit
𝜋𝑠1 = 𝜋(𝑞𝑜 , 𝑒𝑜 ) − 𝜋𝑟0 .
From Proposition 1, we can find that the order quantity,
the effort level, and expected profits of both partners have
no relationship with the retailer’s working capital. Only the
total transfer payment is influenced by the retailer’s working
capital.

−

𝜓 (𝑒∗2 )

(14)

+ 𝜋𝑟0
𝑧𝑜

𝜋𝑠2 = 𝜋 (𝑞𝑜 , 𝑒𝑜 ) + 𝑝 ∫ (𝐹 (𝑦 | 𝑒𝑜 ) − 𝐹 (𝑦 | 𝑒∗2 )) 𝑑𝑦
0

(15)

− 𝜋𝑟0
and the total profit of the supply chain is
𝑞𝑜

𝜋2 = 𝜋 (𝑞𝑜 , 𝑒𝑜 ) + 𝑝 ∫ (𝐹 (𝑦 | 𝑒𝑜 ) − 𝐹 (𝑦 | 𝑒∗2 )) 𝑑𝑦

Property 2. The transfer payment 𝑡1 (𝑞𝑜 , 𝑒𝑜 ) decreases with an
increase in 𝜂.
Proof. From (9), we can get 𝜕𝑡1 (𝑞𝑜 , 𝑒𝑜 )/𝜕𝜂 = −𝐹(𝑧𝑜 | 𝑒𝑜 )/(1 −
𝐹(𝑧𝑜 | 𝑒𝑜 )). 𝐹(𝑧𝑜 | 𝑒𝑜 ) is a cumulative distribution function
and is no bigger than 1. So, 𝜕𝑡1 (𝑞𝑜 , 𝑒𝑜 )/𝜕𝜂 < 0, which means
that the transfer payment 𝑡1 (𝑞𝑜 , 𝑒𝑜 ) decreases with an increase
in 𝜂.

(12)

0

𝑜

+ 𝜓 (𝑒 ) −

(16)

𝜓 (𝑒∗2 )

We can get Proposition 3 as follows.
Proposition 3. Under asymmetric information and the contract (𝑡1 (𝑞𝑜 , 𝑒𝑜 ), 𝑞𝑜 , 𝑒𝑜 ), the retailer’s effort level 𝑒∗2 is the
solution to (13), and the expected profits of the retailer, manufacturer, and supply chain are (14), (15), and (16), respectively.

Property 2 means that the retailer with higher working
capital will pay less total transfer payment. This is because the
retailer with higher working capital brings less default risk to
the manufacturer.

Property 4. There is 𝑒∗2 ≤ 𝑒𝑜 , and 𝑒∗2 increases with 𝜂
increasing.

5. The Model under Asymmetric Information

0, − ∫𝑧𝑜 𝑝𝐹𝑒 (𝑦 | 𝑒)𝑑𝑦 − 𝜓 (𝑒) decreases with 𝑒 increasing.

5.1. The Moral Hazard. Under asymmetric information, we
assume that the retailer’s effort level is his private information.
The true effort level of the retailer cannot be observed and
verified by the manufacturer or any other third party. And a
contract binding the retailer to choose a particular effort level
cannot be signed.
In this case, if the manufacturer provides the same contract (𝑡1 (𝑞𝑜 , 𝑒𝑜 ), 𝑞𝑜 , 𝑒𝑜 ), the retailer will execute the required
order quantity 𝑞𝑜 because it can be observed. But the retailer
will execute his optimal effort 𝑒∗2 to maximize his profit,
instead of the required effort 𝑒𝑜 because it cannot be observed.
Therefore, a moral hazard arises.

𝑞𝑜

Proof. With the assumption − ∫𝑧𝑜 𝑝𝐹𝑒𝑒 (𝑦 | 𝑒)𝑑𝑦 − 𝜓 (𝑒) ≤
𝑞𝑜

𝑧𝑜

Equation (4) can be written as − ∫0 𝑝𝐹𝑒𝑜 (𝑦 | 𝑒𝑜 )𝑑𝑦 −
𝑞𝑜

𝑞𝑜

∫𝑧𝑜 𝑝𝐹𝑒𝑜 (𝑦 | 𝑒𝑜 )𝑑𝑦 − 𝜓 (𝑒𝑜 ) = 0. If 𝑒∗2 > 𝑒𝑜 , then − ∫𝑧𝑜 𝑝𝐹𝑒∗2 (𝑦 |
𝑞𝑜

𝑒∗2 )𝑑𝑦 − 𝜓 (𝑒∗2 ) < − ∫𝑧𝑜 𝑝𝐹𝑒𝑜 (𝑦 | 𝑒𝑜 )𝑑𝑦 − 𝜓 (𝑒𝑜 ). Combining
𝑞𝑜

with (13), there is − ∫𝑧𝑜 𝑝𝐹𝑒𝑜 (𝑦 | 𝑒𝑜 )𝑑𝑦 − 𝜓 (𝑒𝑜 ) > 0. This
means that (4) cannot be satisfied. So, there is 𝑒∗2 ≤ 𝑒𝑜 . The
retailer exerts less effort under asymmetric information than
that under symmetric information, which is in line with the
moral hazard expectation.
𝑞𝑜

From (13), we have (− ∫𝑧𝑜 𝑝𝐹𝑒∗2 𝑒∗2 (𝑦 | 𝑒∗2 )𝑑𝑦−𝜓 (𝑒∗2 ))(𝜕𝑒∗2 /
𝜕𝜂) + 𝐹𝑒∗2 (𝑧𝑜 | 𝑒∗2 )(𝜕𝑡1 /𝜕𝜂 − 1) = 0. Combining Property 2, we
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can get 𝜕𝑒∗2 /𝜕𝜂 ≥ 0; 𝑒∗2 increases with 𝜂. The retailer exerts
more effort when he puts in more working capital.
Property 5. Under this situation, the retailer’s profit 𝜋𝑟2
decreases with an increase in 𝜂.

In constraints, arg max means arguments of the maxima
[38]. Solved as P1, the transaction quantity 𝑞∗3 and retailer’s
effort 𝑒∗3 expected by the manufacturer in the contract are the
solutions to the following equations:
𝑞∗3

− ∫ 𝑝𝐹𝑒∗3 (𝑦 | 𝑒∗3 ) 𝑑𝑦 − 𝜓 (𝑒∗3 )

Proof. From (14) and (13), we can have 𝜕𝜋𝑟2 /𝜕𝜂 = (𝐹(𝑧𝑜 |
𝑒∗2 ) − 𝐹(𝑧𝑜 | 𝑒𝑜 ))/(𝐹(𝑧𝑜 | 𝑒𝑜 ) − 1). Because of 𝐹𝑒 (𝑦 | 𝑒) < 0
and 𝑒∗2 ≤ 𝑒𝑜 , there is 𝜕𝜋𝑟2 /𝜕𝜂 ≤ 0. The retailer gets less profit
when he has more working capital.
So, from Property 5, the retailer can get more profit by
reducing his effort level, when his working capital is small.
But when the retailer has more working capital, he can get
less profit by reducing his effort level. This means that moral
hazard is more likely to happen, when 𝜂 is small.
𝑜

0

+ ∫ 𝑝𝐹𝑒∗3 (𝑦 |
0

𝑡 (𝑞∗3 , 𝑒∗3 )

=

𝑝𝑞∗3

𝑞∗3

− ∫ 𝑝𝐹 (𝑦 | 𝑒∗3 ) 𝑑𝑦 − 𝜓 (𝑒∗3 )
0

(20)

+ ∫ 𝑝𝐹 (𝑦 | 𝑒∗3 ) 𝑑𝑦 − 𝜋𝑟0
0

With contract (𝑡(𝑞∗3 , 𝑒∗3 ), 𝑞∗3 , 𝑒∗3 ), the respective profits for
the supply chain, the manufacturer, and the retailer are as in
(21), (22), and (23).

𝑧𝑜

𝜋3 (𝑞∗3 , 𝑒∗3 )

𝑒∗2 )

Because of 𝐹𝑒 (𝑦 | 𝑒) ≤ 0 and Property 4, 𝑝 ∫0 (𝐹(𝑦 |
−
𝐹(𝑦 | 𝑒𝑜 ))𝑑𝑦 ≤ 0. So, the manufacturer encounters profit loss
𝑒∗2 )−𝐹(𝑦

(19)

𝑧3∗

𝑝 ∫0 (𝐹(𝑦 | 𝑒2 ∗ ) − 𝐹(𝑦 | 𝑒𝑜 ))𝑑𝑦 to the manufacturer’s profit.
𝑧𝑜

=0

where 𝑧3∗ = (𝑡(𝑞∗3 , 𝑒∗3 ) − 𝜂)/𝑝, and

Property 6. Under moral hazard, there is 𝜋𝑠2 ≤ 𝜋(𝑞 , 𝑒 ), and
𝜋𝑠2 increases with an increase in 𝜂.

𝑧𝑜

𝑒∗3 ) 𝑑𝑦

𝑝 − 𝑝𝐹 (𝑞∗3 | 𝑒∗3 ) − 𝑐 = 0

𝑜

Proof. With Property 4, the retailer usually executes a lower
effort level than the optimal effort to get more profit. Comparing (15) and (11), the reduce of effort causes a change

(18)

𝑧3∗

=

𝑝𝑞∗3
−

𝑜

𝑞∗3

− ∫ 𝑝𝐹 (𝑦 | 𝑒∗3 ) 𝑑𝑦 − 𝜓 (𝑒∗3 )
0

(21)

𝑐𝑞∗3

| 𝑒 ))𝑑𝑦 under asymmetric information
𝑝 ∫0 (𝐹(𝑦 |
and the contract (𝑡(𝑞𝑜 , 𝑒𝑜 ), 𝑞𝑜 , 𝑒𝑜 ).

𝜋𝑠3 = 𝜋 (𝑞∗3 , 𝑒∗3 ) − 𝜋𝑟0

(22)

Because of 𝐹𝑒 (𝑦 | 𝑒) ≤ 0, it is easy to find that 𝑝 ∫0 (𝐹𝑒 (𝑦 |
𝑒))𝑑𝑦 ≤ 0. So, the loss decreases with an increase in 𝑒.
Combining this and Property 2, we come to a conclusion
that the loss decreases with an increase in 𝜂. Therefore, the
manufacturer’s expected profit under moral hazard increases
with an increase in 𝜂.

𝜋𝑟3 = 𝜋𝑟0

(23)

𝑜

𝑧

Combining Properties 5 and 6, the retailer with low
working capital could get more profit by reducing effort
level but brings more profit loss to the manufacturer. It is
better for the manufacturer refusing the retailer with low
working capital to reduce moral hazard and profit loss, under
asymmetric information. However, trade credit is inevitable
in modern commercial activities. When refusing the retailer
with little capital is not feasible, the manufacturer needs to
take other measures such as incentive contracts to reduce his
losses from moral hazard.
5.2. Incentive Contract. To reduce the profit loss coming from
the moral hazard, the manufacturer needs to encourage the
retailer to improve effort level. The manufacturer’s incentive
model can be developed as P2.
𝑧

P2: max

{(𝑡(𝑞),𝑞)}

s.t.

𝜋𝑠 = 𝑡 (𝑞) − 𝑐𝑞 − ∫ 𝑝𝐹 (𝑦 | 𝑒) 𝑑𝑦
0

𝑒 = arg max 𝜋𝑟
𝑒

𝜋𝑟 ≥ 𝜋𝑟0

(17)

Proposition 7. Under moral hazard, the incentive contract
provided by the manufacturer is (𝑡(𝑞∗3 , 𝑒∗3 ), 𝑞∗3 , 𝑒∗3 ), in which 𝑞∗3
and 𝑒∗3 are the solutions to (18) and (19), and the transfer payment 𝑡(𝑞∗3 , 𝑒∗3 ) is determined by (20). Therefore, the respective
profits of the supply chain, the manufacturer, and the retailer
are (21), (22), and (23).
From Propositions 3 and 7, we can find that the retailer’s
profit is reduced to his reserved profit. And when 𝜋(𝑞𝑜 , 𝑒𝑜 ) −
𝑧𝑜

𝑧𝑜

𝜋(𝑞∗3 , 𝑒∗3 ) ≤ ∫0 𝑝𝐹(𝑦 | 𝑒∗2 )𝑑𝑦 − ∫0 𝑝𝐹(𝑦 | 𝑒𝑜 )𝑑𝑦 is satisfied
the manufacturer obtains a higher profit with the incentive
contract and the incentive contract is adopted to prevent the
moral hazard. Otherwise, the manufacturer obtains a higher
profit without an incentive contract and he will accept the
profit loss coming from moral hazard instead of adopting
incentive measures. Therefore, the inequality can be used to
assess whether the manufacturer chooses to take the incentive
measure. We can get Property 8 as follows.
𝑧𝑜

Property 8. If 𝜋(𝑞𝑜 , 𝑒𝑜 ) − 𝜋(𝑞∗3 , 𝑒∗3 ) ≤ ∫0 𝑝𝐹(𝑦 | 𝑒∗2 )𝑑𝑦 −
𝑧𝑜

∫0 𝑝𝐹(𝑦 | 𝑒𝑜 )𝑑𝑦 is satisfied, the manufacturer adopts the
incentive contract to motivate the retailer; otherwise the
manufacturer does not adopt the incentive contract.
𝑧𝑜

The left part of 𝜋(𝑞𝑜 , 𝑒𝑜 ) − 𝜋(𝑞∗3 , 𝑒∗3 ) ≤ ∫0 𝑝𝐹(𝑦 |
𝑧𝑜

𝑒∗2 )𝑑𝑦 − ∫0 𝑝𝐹(𝑦 | 𝑒𝑜 )𝑑𝑦 is the profit loss of supply chain
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Figure 3: Change trend of retailer’s expected profit 𝜋𝑟2 with retailer’s working capital 𝜂.

comparing with profit under symmetric information. And
the right part is the losses of unmarketable products increased
by reducing retailer’s effort. Therefore, under asymmetric
information, if the profit loss of supply chain under incentive
is lower than the unmarketable losses increased with moral
hazard, the manufacturer is willing to take the incentive
measures. Otherwise, the manufacturer tolerates the moral
hazard rather than taking any incentive measures.

6. An Illustrating Example
We now employ numerical examples to further analyze
the model under symmetric information and asymmetric
information. In the supply chain configuration, we suppose
that 𝑝 = 80, 𝑐 = 40; assume the retailer’s effort cost follows
𝜓(𝑒) = 𝑒2 /2 [37]; let the market demand with retailer’s effort
effects be 𝑦 and 𝑦 is subject to uniform distribution, that is,
𝑦 ∼ 𝑈(𝑒, 𝑒 + 200); let the retailer’s reserved profit 𝜋𝑟0 = 0.
At first, we analyze the optimal order quantity and effort
level of the integrated supply chain. The Hessian matrix of
the binary function 𝜋(𝑞, 𝑒) is |𝐻| = 1/2 > 0. And there are

𝜕2 𝜋/𝜕𝑒2 = −3/2 < 0 and 𝜕2 𝜋/𝜕𝑒2 = −1/2 < 0. Therefore,
according to optimization theory, 𝜋(𝑞, 𝑒) has the only optimal
solution ((𝑞𝑜 , 𝑒𝑜 ) = (120, 40) as the order quantity and effort
level, and the profit of the supply chain is 2400.
Then, we consider the symmetric information. Under
this situation, the retailer gets zero profit and the manufacturer gets all supply chain’s profit 2400. The contract is
(𝑡1 (𝑞𝑜 , 𝑒𝑜 ), 𝑞𝑜 , 𝑒𝑜 ) and the total transfer payment is shown in
Figure 2, when 𝜂 ≤ 5600. The total transfer payment increases
with retailer’s working capital decreasing, which is described
in Property 2. When 𝜂 ≥ 5600, there is (𝑡 − 𝜂)/𝑝 ≤ 𝑒𝑜 , which
means there is no default risk to the manufacturer and the
retailer can pay all the account 𝑡 − 𝜂 under the demand 𝑒𝑜 .
And when 𝜂 ≥ 5600, the total transfer payment is 9600.
At last, we consider the situation with asymmetric information. When the manufacturer asks for quantity and effort
level (𝑞𝑜 , 𝑒𝑜 ) = (120, 40) in the contract, the retailer will order
quantity 𝑞𝑜 and exert effort level 𝑒∗2 instead of 𝑒𝑜 to get profit
𝜋𝑟2 which is more than zero. As seen in Figure 3 and described
in Property 5, the retailer’s expected profit decreases with his
working capital increasing, when he exerts effort level 𝑒∗2 .
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When 𝜂 ≥ 5600, the manufacturer has no default risk, so the
retailer’s expected profit is zero.
We can draw retailer’s effort level 𝑒∗2 and 𝑒𝑜 in Figure 4.
As concluded in Property 4, Figure 4 shows that 𝑒∗2 is lower
than 𝑒𝑜 and increases with 𝜂 increasing when 𝜂 < 5600. This
is because the default risk is shared by the manufacturer. And
when all default risk is taken by the retailer, which means 𝜂 ≥
5600, he will exert effort level 𝑒𝑜 .
Under the situation with asymmetric information, if the
manufacturer takes incentive contract, the retailer’s effort
level 𝑒∗3 is shown in Figure 4 and the order quantity 𝑞∗3 is
shown in Figure 5. The retailer’s effort level 𝑒∗3 increases with
his working capital increasing. But it is lower than the optimal
effort level 𝑒𝑜 and the effort level 𝑒∗2 . The order quantity
𝑞∗3 increases with retailer’s working capital increasing and is
below the optimal order quantity. When the manufacturer
takes no default risk, effort level is 𝑒𝑜 and the order quantity
is 𝑞𝑜 .
As seen in Figure 6, the manufacturer’s expected profit
increases with an increase in retailer’s working capital 𝜂,
under the situation with asymmetric information. This means

that the manufacturer’s loss caused by moral hazard decreases
with an increase in 𝜂. These are described in Properties 5 and
6.
The manufacturer can get more profit when he takes
incentives contract. And this increased profit comes from
the order quantity reduced as seen in Figure 5. When the
manufacturer takes no default risk, he gets all the profit of the
supply chain under both the moral hazard and the incentive
contract.

7. Conclusions
Trade credit is widespread for financing in commercial
activities. And it is also an important issue in supply chain
management. Like a double-edged sword, trade credit has
been shown to be good for the supply chain but also results in
default risks to the manufacturer and even supply chain crisis.
Much literature in supply chain management has studied the
retailer’s stocking policies and the manufacturer’s trade credit
contracts. Only a few papers studied trade credit considering
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the default risk, and few papers combined the default risk and
moral hazard.
This research sheds light on trade credit study in supply
chain management with default risk and moral hazard. The
default risk is coming from the uncertain market influenced
by retailer’s sale effort. Retailer’s effort level is his private information. The principal-agent models are developed
using incentive theory in a newsvendor framework, under
the situation of symmetric information and the situation
of asymmetric information separately. By model analysis
and numerical examples, some conclusions and managerial
implications are obtained as follows.
Under the situation of symmetric information, the order
quantity, the sales effort, and the profit of the whole supply
chain are the same as those in the integrated supply chain. The
retailer only retains the reserved profit, and the manufacturer
gets all other residual profit of the supply chain by an
incentive transfer payment which decreases with an increase
in retailer’s working capital. The manufacturer should ask
more transfer payment when the retailer has less working
capital because less working capital means more default
risk.
Under the situation of asymmetric information, the
retailer pays less sales effort than what he pays under
the symmetric information. Without the incentive contract,
we can find that the retailer’s sales effort increases with
an increase in his working capital, but the retailer’s profit
decreases with an increase in his working capital. At the same
time, the manufacturer’s profit increases with an increase in
the retailer’s working capital. This means that when the effort
level cannot be observed by the manufacturer, by reducing his
effort level, the retailer can get more profit than the residual
profit. And the retailer with less working capital can get more
profit by executing less effort. This action brings profit loss to
the manufacturer. It is better for the manufacturer refusing
the retailer with low working capital, to avoid serious moral
hazard and profit loss.
By an incentive model, it is found that the order quantity
is lowered in the incentive contract to mitigate the impact of

moral hazard. And under certain condition the manufacturer
can take incentive contract and reduce the order quantity
to improve his profit. Specifically, if the profit loss of supply
chain by reducing the order quantity is lower than the unmarketable losses by keeping the optimal quantity in contract, the
manufacturer should take the incentive measures. Otherwise,
the manufacturer should tolerate the moral hazard instead
of taking any incentive measures. Furthermore, if the retailer
has sufficient working capital, the manufacturer will have no
default risk and is advised to take no incentive.
We have considered a supply chain with a risk-neutral
manufacturer and a risk-neutral retailer. Nevertheless, the
supply chain may consist of multiple retailers and multiple
suppliers. What influence does the competition among multiple retailers have on the trade credit? Will the impact of
the moral hazard be reduced by the competition? Is there
a need for the incentive contract for the manufacturer?
the assumption of risk-neutral should also be relaxed, and
channel partner’s different attitudes toward risk will be
considered. For instance, the model can be extended to study
the willingness of the risk-aversion manufacturer.
Only retailer’s sales effort, which influences the uncertain
demand and is his private information, is considered in this
research. The manufacturer can also influence the market
demand by his promotional activities. And the true effort
and cost of these activities are the manufacturer’s private
information. This means that the moral hazard may be caused
by the manufacturer’s private information. This case calls
for a new incentive scheme to make the retailer accept the
contract menu. And this study would be extended to the
bilateral moral hazard, in which situation both the retailer
and the manufacturer have private information influencing
the uncertain demand. The bilateral incentive model may
be needed to reduce both the retailer’s unsold risk and the
manufacturer’s default risk.
Another extension would be to introduce the Pareto
improving to the incentive contract. In this paper, we design
the incentive mechanism and seek the incentive contract to
mitigate the impact of moral hazard. It is necessary and has

10
bothered us for a long time how should Pareto improving be
introduced to the incentive mechanism.
In addition, we may extend this framework to the multistage trade credit. If the retailer cannot pay the account at the
first stage because of the bad sales, should the manufacturer
provide trade at the second stage to recover the remaining
debt of the first stage? This is interesting and is helpful to
manufacturers who have bad account because of trade credit.
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All projects take place within a context of uncertainty. That is especially noticeable in complex hydroelectric power generation
projects, which are affected by factors such as the large number of multidisciplinary tasks to be performed in parallel, long execution
times, or the risks inherent in various fields like geology, hydrology, and structural, electrical, and mechanical engineering, among
others. Such factors often lead to cost overruns and delays in projects of this type. This paper analyzes the efficiency of the Earned
Value Management technique and its Earned Schedule extension, as means of forecasting costs and deadlines when applied to
complex hydroelectric power production projects. It is worth noting that this analysis was based on simulation models applied to
real-life projects. The results showed that cost forecasting becomes very accurate over time, whereas duration forecasting is not
reliably accurate.

1. Introduction
The production of hydroelectric power is based on the
installation and operation of large generation plants, which
are considered to be highly complex projects. Examples
from the international arena demonstrate complexity with
statistics revealing significant deviations in terms of costs
and execution periods compared to scheduled costs and
deadlines. Various studies, such as those by the University of
Oxford [1], the Institute for Energy & the Environment [2],
and Awojobi & Jenkins [3], analyzed samples of 58 to 235
hydroelectric projects worldwide. The results are surprising,
with average values ranging from increases of 27% to 99%
over planned costs and increases up to 44% in terms of
execution periods.
A hydroelectric power production project is made up
of many interrelated and interdependent subsystems. These
subsystems entail several engineering disciplines, like electrical, electronic, civil, mechanical, industrial, and environmental engineering, among others. Given such a context, a
number of different organizations will naturally be involved

in these types of projects. Complex projects are considered
to be dynamic systems that develop within an environment
of great uncertainty and unpredictability [4]. They call for an
exceptional level of management and in fact applying systems
developed for ordinary projects is normally insufficient for
the level of complexity involved in the execution of such
complex projects. The effect of complexity on the project
is that it hinders the identification of goals and objectives
and it bears upon the duration, costs, and quality of the
project, which in turn affects the project’s development and
management [5–7].
Properly identifying and handling the complexity of a
project in its early stages is a critical factor for success.
Implementing follow-up and control tasks during the development of a project aims at monitoring performance as
well as obtaining projections and measurements that may
anticipate possible deviations to the schedule. Time and cost
management is closely linked to the monitoring and control
of any project and a fundamental support of the processes
required to manage project completion within the deadlines.
In the same way, they enable the project to be completed
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within the approved budget [8–10]. The main factors that
affect the complexity of a project are its size, interdependence
and interrelations, goals and objectives, and multidiscipline
engineering and technology teams, among others [11].
Earned Value Management (EVM) is one of the most
widely used techniques worldwide with which to assess a
project’s performance during its execution. Its application in
project management has extended to important institutions
like the National Aeronautics and Space Administration
(NASA). The basis of this technique was presented by the US
Department of Defense (DoD) in the 1960s and was further
developed and improved during the 1970s and early 1980s. In
1998, the American National Standards Institute (ANSI) and
the Electronic Industries Alliance (EIA) published guidelines
for EVM. In the year 2000, the Project Management Institute
(PMI) added the terminology and basic formulas of EVM
[12]. An important extension to EVM is the Earned Schedule
(ES) technique, which analyzes timing performance and
provides key indicators based on duration [13].
This paper analyzes the efficiency of EVM and its extension as tools for forecasting costs and duration in complex
hydroelectric power production projects. The analysis was
based on applying these techniques to simulation models of
the schedules of actual power production projects.

2. Models and Techniques
To undertake the proposed study, four complex hydroelectric
power production projects were considered. Stochastic models were built for all of them, in which the random variables
were defined as cost and duration of the jobs that make up the
respective execution schedule. The projects used are real-life
cases and their characterization is addressed in later sections.
By using numerical methods, simulations were set up that
enabled the probability of occurrence by project completion
for cost and duration to be calculated. In each simulation,
EVM techniques and its ES extension were applied and an
efficiency analysis of these techniques as means of forecasting
cost and duration was performed. The main stages in the
methodology applied are described below.
2.1. Stochastic Model of the Schedule. The uncertainty surrounding any complex hydroelectric power production
project renders its planning necessarily dynamic and variable
over time. In such a context, a simulation model is a powerful
tool to enable a virtual study of the project’s actual behavior.
A good simulation model allows for properties of the project
planning and schedules to be depicted, ascertained, and
predicted [14, 15]. Furthermore, it is important to bear in
mind that the way the schedule is developed has a significant
influence on the overall management of any project [16].
The models were based on schedules made up of a
distributed series of interrelated tasks, and for each of the
tasks likely cost and duration ranges were assigned. Figure 1
shows a graphic illustration of this idea. The dependency
between tasks and the allocation of cost and duration to them
were defined using conventional techniques: the Program
Evaluation and Review Technique (PERT) and the Critical
Path Method (CPM). The CPM allowed for total duration of
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the project to be worked out once the individual duration
of each task is known, whereas the PERT provided the
means with which to build uncertainty into those durations
[17, 18]. The Monte Carlo method was used to simulate the
model, which entails a random numerical method that uses
statistical sampling techniques to find approximate solutions
to quantitative problems [19]. On each run of the models, ten
thousand scenarios were simulated for each schedule.
To characterize cost and duration variability in each task,
probability distributions were used, specifically the PERT
distribution function. In this way, the minimum, most likely,
and maximum values were estimated according to American
Association of Cost Engineering (AACE) recommendations
[20]. In this regard, the research took advantage of the
lead author of this paper’s 17 years’ prior experience in
hydroelectric power production projects in the Republic of
Ecuador. Cost and duration randomness was estimated on
the basis of possible variations in the quantities and technical
details of each individual task. Exceptional events that might
occur in projects of this type, like errors in prior studies
and project designs, lack of financial resources during project
execution, or natural phenomena like earthquakes, among
others, were not taken into account.
The models were developed on Microsoft Excel using
Palisade @Risk software [21]. This software enables the use
of Monte Carlo simulation techniques and can generate
distributions of possible outcomes of any cell or range of cells
on the model spreadsheet [22]. The decision to use @Risk
for this research was based on the expertise of the firm that
develops the software, which has maintained it on the market
since 1987, currently with over 150,000 users in more than 100
countries across the world and with translations into seven
languages. Other software options with significant experience
are Crystal Ball by Oracle and Risk Simulator by Real Options
Valuation [23, 24].
2.2. EVM Technique and Earned Schedule. The Earned Value
Management technique evaluates the performance of a
project during its execution by monitoring the integrated
management of its scope, schedule, and costs. Specifically,
this technique compares baseline performance with actual
performance in terms of duration and costs [25].
To do so, the technique takes a series of fundamental
measurements as the basis. The Plan Value (PV) refers to the
sum of the planned costs for each task in each time period,
from day 1 or the commencement of project implementation
up to completion. The Earned Value technique considers
this cost planning as the baseline that will serve for future
performance comparisons. At another level, Actual Cost
(AC) refers to the sum of the costs actually incurred in each
task and for each time period. Earned Value (EV) refers
to the work actually performed, expressed as a cost. This
measurement is calculated by multiplying the percentage of
the actual physical progress of each task by its budgeted cost.
Finally, Budget at Completion (BAC) is the total budget as
estimated in the project plan.
In addition, the Earned Value technique calculates indicators that numerically represent the performance of the
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Figure 1: Diagram of a schedule with variable cost and duration.

project in terms of cost and schedule over a given period
of time. The main measurements are Cost Variance (CV),
Cost Performance Index (CPI), Schedule Variance (SV), and
Schedule Performance Index (SPI).
The Earned Value technique analyzes the trends in project
performance in terms of cost and duration, i.e., based on the
historical performance readings calculated for each period
(CV, CPI, SV, and SPI); it makes forward-looking statements
and compares them to the initial budget and schedule.
The main measurements for forecasting are Estimate at
Completion (EAC) and Estimate to Complete (ETC).
Figure 2 is a Cost/Time graph showing the main indicators and predictors the EVM technique calculates.
An important extension to EVM is the technique called
Earned Schedule. This technique consists of calculating new
values for SV and SP but based on the variable Time and
not on Cost, which the Earned Value technique normally
calculates. This is achieved by calculating projections on the
Earned Value curve for the Plan Value compared to the
abscissa of the Time variable [26, 27].
This technique is based on the variables Schedule at
Completion (SAC), Earned Schedule (ES), and Actual Time
(AT). In addition, the main indicators are Time Estimate at
Completion (TEAC) and the Schedule Performance Index
(SPI(t)). Figure 2 presents a Cost/Time graph showing the
main indicators and predictors that the Earned Schedule
technique calculates.
EVM finds application in very varied contexts. It is a
technique traditionally applied in the construction industry
[28–30], where it has been regularly and successfully applied.
But it has also been applied in different highly specialized
contexts with a large number of special features and needs.
Examples of this can be the projects developed by NASA
within the framework of aerospace engineering [12] or the
construction of nuclear plants [31]. These examples show the
ability of the technique to be adapted to different scenarios.
In this sense, there are interesting studies in which EVM
is applied to the analysis and improvement of productive
processes [32–35].
To verify the efficiency of EVM and its ES extension as
techniques for forecasting cost and duration, the indicators

contained in these techniques were calculated and compared
with results obtained from the simulations, as explained
below.
For each of the ten thousand iterations of the model,
the cost prediction indicator proposed by EVM and corresponding to EAC was calculated. Furthermore, the simulated
final cost (FCS) of the project was calculated and compared
with EAC for each iteration. The efficiency of the prediction
indicator is confirmed when the difference between EAC and
FCS is similar to zero. Accuracy tolerance range was 2% of
the total budgeted cost of the project. These calculations and
comparisons were made in periods of 5 months up until the
scheduled period for project completion.
In addition to that, for each of the ten thousand iterations in the model, the prediction indicator for duration
proposed by the ES technique and giving the TEAC was
calculated. Furthermore, simulated final project time (FTS)
was calculated and compared with TEAC for each iteration.
The efficiency of the prediction indicator is confirmed when
the difference between the TEAC and FTS is similar to
zero. Accuracy tolerance range was 5% of overall scheduled
project time. These calculations and comparisons were made
in periods of 5 months up until the period scheduled for
project completion.
2.3. Case Studies. Four actual hydroelectric power production projects were taken as case studies. The basic technical
details are given in Table 1. Currently, the projects named
Santiago and Cardenillo are at the final design stage and
implementation is planned for the coming years. For their
part, Mazar Dudas and Sopladora are fully built hydroelectric
plants now in operation [36].
The four projects are located on the River Amazon in
the southeast of the Republic of Ecuador. The Santiago and
Cardenillo projects are located entirely within the province
of Morona Santiago at an approximate altitude of 280 and 550
meters above sea level, respectively. The Sopladora project is
located in the provinces of Azuay and Morona Santiago at
an altitude of 940 meters, while the Mazar Dudas project is
located in the province of Cañar at an approximate altitude
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Figure 2: Cost/Time graph showing the main variables in the EVM and Earned Schedule techniques.

Table 1: Basic technical details of the hydroelectric power production projects analyzed.
Technical information
Installed capacity [MW]
Plant factor [%]
River
Powerhouse type
Turbine Type
Units
Hydraulic head [m]

Santiago
3630
47
Santiago
underground
Francis
6
134

of 2,300 meters above sea level. Figure 3 shows their exact
locations.
The schedules of the projects under analysis served as
the input data for the simulation models. Project schedules
list the series of jobs or tasks, how they relate to each
other, their costs, and their distribution over time. Table 2
shows the main features of project schedules, where the
number of tasks, costs, and total duration are presented
in detail. These schedules are the ones prepared and used
by the construction companies building the Mazar Dudas
and Sopladora plants. In the case of Santiago and Cardenillo, the schedules were created by engineering firms.
Depending on each company’s criteria, schedules can be
more or less detailed in terms of the total number of
tasks or steps, which typically range between 120 and 1306.
Based on their expertise, the designers and builders of these
projects defined duration and total cost within a range
of 27 to 75 months and US$56 to US$2,684 million. The
forecast duration and costs illustrate that these are large scale
projects.
The schedules enabled Accumulated Cost-Duration
Curves (S-Curves) to be plotted that represent the baselines
for comparing project progress in accordance with the EVM
technique. The baselines for the projects in question are
presented in Figure 4.

Hydroelectric project
Cardenillo
Mazar Dudas
595.65
20.8
65
65
Paute
Mazar
underground
superficial
Pelton
Pelton
6
3
372
300

Sopladora
487
60
Paute
underground
Francis
3
360

3. Results and Discussion
Probability ranges were obtained by simulating schedule implementation at the hydroelectric power production
projects in our case study.
Over the full duration of the projects, the models calculated possible ranges of occurrence. Table 3 shows the
probabilities calculated for durations equal to or less than the
scheduled duration of the projects in this case study. In the
same way, estimated duration for each project is shown, with
95% likelihood of occurrence.
The values presented in Table 3 correspond to the results
from the relative frequency histograms of duration returned
by the stochastic models. Figures 5(a) and 5(b) show the
histograms from the Sopladora project model. The abscissa
axis represents duration in months, while the top bar shows
the calculated probability ranges.
As far as total cost of the projects is concerned, the
models estimated possible ranges of occurrence. Table 4
shows the probabilities calculated for costs equal to or less
than the planned costs for the projects used in our case study.
Estimated costs for each project with a 95% probability of
occurrence are also presented.
The values presented in Table 4 correspond to the results
of the relative frequency histograms of cost from the stochastic models. Figures 6(a) and 6(b) present the histograms
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Table 2: Characteristics of the schedules for the projects under analysis.
Hydroelectric project
Santiago
Cardenillo
Mazar Dudas
Sopladora

Total tasks

Summary tasks

797
120
1306
562

29
37
29
29

Scheduled duration
[months]
68
75
27
47

Planned cost
[million US$]
2684
944
56
678

Table 3: Outcome of simulation models for total duration.
Hydroelectric
project
Santiago
Cardenillo
Mazar Dudas
Sopladora

Schedule at Completion

Duration probability equal to or

(SAC)
[months]
68
75
27
47

less than SAC
[%]
6.8
4.2
7.9
14.1

Estimated duration for
95% probability
[months]
78
83
32
55
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Table 4: Results of simulation models in regard to total costs.

Hydroelectric project
Santiago
Cardenillo
Mazar Dudas
Sopladora

Budget at Completion (BAC)
[million US$]
2684
944
56
678

Probability of cost equal to or less than BAC
[%]
26.1
26.6
21.6
22.7

Estimated cost for 95% probability
[million US$]
2839.2
999.1
59.29
714.4

Table 5: Accuracy probability rates in cost forecasts (EVM) and duration forecasts (ES) for the Santiago project.
Analysis period
[months]
5
10
15
20
25
30
35
40
45
50
55
60
65
68
Completion

Earned Value (EV)
[millions] [Prob. 95%]
299.00
685.70
1204.90
1613.90
1859.90
2055.70
2215.60
2356.20
2476.60
2528.90
2570.30
2607.10
2653.00
2678.00
2684.32

Cost Accuracy Probability (%)
[range 2% ± 26.8 million]
23.00
28.30
38.90
43.20
55.60
72.00
86.20
96.20
99.50
100.00
100.00
100.00
100.00
100.00
100.00

resulting from the Cardenillo project model. The abscissa axis
represents cost in millions of US dollars, while the upper bar
shows the estimated probability ranges.
By applying the EVM technique and its ES extension
to the models, the probable accuracy of the techniques
was determined in regard to the results obtained from the
simulations. The closer this probability is to 100%, the greater
the efficiency and accuracy of the prediction are.
In regard to the cost and duration forecast, the models
produced relative frequency histograms in which the probability ranges were calibrated at 2% of the total project cost and
5% of the total scheduled duration of the project. Figure 7(a)
presents an example using the cost histogram for the Santiago
project for period 40 and with the probability range calibrated
to US $-26.8 and $+26.8 million, representing the 2% range
of the total budgeted cost. Meanwhile, Figure 7(b) shows
another example, this time the duration histogram for the
Mazar Dudas project for period 10 and with the probability
range calibrated to +0.7 and -0.7 months, representing 5% of
the total scheduled duration.
Details of the cost and duration results obtained for each
of the projects in our case study are given below.
3.1. Santiago Project. As far as forecast cost upon completion
of the Santiago project is concerned, probability readings
were obtained that reflect increased efficiency or accuracy
of EVM in the various periods of time under analysis. This

Duration Accuracy Probability (%)
[range 5% ± 1.7 months]
23.20
31.80
32.10
36.10
37.70
40.10
42.40
45.30
46.30
47.30
54.60
61.80
52.00
52.10
100.00

situation is set out in Table 5. In month 5 of execution,
the probability of the predicted cost meeting the cost of
the simulation was 23.00%, while in month 45 of execution,
that probability reached 99.50% and in the following months
it remained at 100% until completion. These probability
calculations were based on a range of 2% of total budgeted
cost (± US$ 26.8 million).
As far as the forecast for project duration is concerned, as
Table 5 shows, the probability rates obtained for the different
periods of time in the assessment improved their accuracy
over time, reaching 52.10% in month 68, which was the last
month in the project schedule. Probability calculations were
based on a range of 5% of scheduled duration (±1.7 months).
3.2. Cardenillo Project. Turning to the cost forecast upon
completion of the Cardenillo project, probability rates were
obtained that demonstrated an increase in EVM accuracy or
efficiency over the different periods of time under analysis, as
seen in Table 6. In month 5 of execution, the probability of
the predicted cost matching the simulated cost was 17.80 %,
whereas in month 50 of execution, probability had risen to
99.60% and in the following months remained at 100% until
completion. Probability calculations were based on a range of
2% of total budgeted cost (±US$ 9.4 million).
Table 6 shows forecast duration, in which the probability rates reveal improved accuracy over time, reaching
59.00% in period 70, which is very close to the scheduled
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Table 6: Accuracy probability rates in cost forecasts (EVM) and duration forecasts (ES) for the Cardenillo project.
Analysis period
[months]
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
Completion

Earned Value (EV)
[millions] [Prob. 95%]
17.05
32.76
46.94
169.70
291.60
417.60
558.50
677.00
784.50
860.70
896.50
914.40
928.06
939.17
943.00
944.00

Cost Accuracy Probability (%)
[range 2% ± 9.4 million]
17.80
21.30
22.00
55.60
72.80
76.80
87.70
94.90
98.70
99.60
100.00
100.00
100.00
100.00
100.00
100.00

Duration Accuracy Probability (%)
[range 5% ± 1.9 months]
21.90
34.80
35.40
37.80
44.80
52.20
57.90
59.60
60.30
64.70
58.40
62.00
60.00
59.00
95.60
100.00

Table 7: Accuracy probability rates in cost forecasts (EVM) and duration forecasts (ES) for the Mazar Dudas project.
Analysis period
[months]
5
10
15
20
25
27
Completion

Earned Value (EV)
[millions] [Prob. 95%]
10.85
24.75
40.51
52.19
56.41
56.50
56.55

Cost Accuracy Probability (%)
[range 2% ± 0.6 million]
71.00
94.20
99.80
100.00
100.00
100.00
100.00

rate upon completion. Only in period 75, which represents scheduled completion, do we see a leap in probable accuracy up to 95.60%. The probability calculations
were based on a range of 5% of scheduled duration (±1.9
months).
3.3. Mazar Dudas Project. Forecast cost upon completion
of the Mazar Dudas project returns probability rates that
indicate greater accuracy, as shown in Table 7. In month 5 of
execution, the probability of the predicted cost matching the
simulated cost was 71.00%, while in month 15 of execution,
the probability was 99.80% and in the following months it
stood at 100% until completion. The probability calculations
were based on a range of 2% of total planned cost (±US$ 0.6
million).
As Table 7 demonstrates in regard to forecast duration
of the project, the probabilities obtained improved their
accuracy over time, to reach a value of 44.10% in period
27, which is the last period in the project schedule. The
probability calculations were based on a range of 5% of
scheduled duration (± 0.7 months).

Duration Accuracy Probability (%)
[range 5% ± 0.7 months]
26.70
28.10
28.80
30.40
42.00
44.10
100.00

3.4. Sopladora Project. From the results presented in Table 8,
it appears that the forecast cost upon completion of the
Sopladora project shows probability rates with increased
accuracy over time. In month 5 of execution, a probability
of 64.30% was obtained, whereas in month 30 of execution,
probability had risen to 97.80%. In the following months, a
probability rate of 100% was maintained until completion.
The probability calculations were based on a range of 2% of
total budgeted cost (±US$ 6.8 million).
As far as the forecast of duration for the Sopladora project
goes, as Table 8 shows, the probabilities obtained improved
their accuracy over time up to a value of 74.20% in period 47.
The probability calculations were based on a range of 5% of
scheduled duration (± 1.2 months).
Having seen the results obtained for the various projects,
let us now discuss them as a whole. As far as cost forecasts
using EVM are concerned, in Figure 8, one can see how
the probability of accuracy in all four projects under study
performs. From the execution start-up periods, the tendency
is for accuracy to increase in all the projects; i.e., the efficiency
of this cost forecasting is seen to improve over time. It is clear
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Table 8: Accuracy probability rates in cost forecasts (EVM) and duration forecasts (ES) for the Sopladora project.
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Duration Accuracy Probability (%)
[range 5% ± 1.2 months]
40.60
40.80
43.60
44.10
44.50
47.20
42.80
43.30
59.90
74.20
100.00

−∞

47.00

−∞
0.16

Cost Accuracy Probability (%)
[range 2% ± 6.8 million]
64.30
76.00
87.80
93.20
95.90
97.80
100.00
100.00
100.00
100.00
100.00

56

Earned Value (EV)
[millions] [Prob. 95%]
102.78
212.74
310.30
407.50
502.90
577.70
621.20
656.30
676.00
678.00
678.04

42

Analysis period
[months]
5
10
15
20
25
30
35
40
45
47
Completion

(b)

Figure 5: Relative frequency histograms of the duration of the Sopladora project. (a) Duration probability equal to or less than 47 months
(SAC). (b) Duration calculated with 95% probability equal to 55 months.
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Figure 6: Relative frequency histograms of cost for the Cardenillo project. (a) Cost probability is equal to or less than US $ 944 million (BAC).
(b) Cost calculated with 95% probability is equal to US$ 999.1 million.

that a probable forecast accuracy of 100% is achieved in all
projects after about 60% of execution time has elapsed and
that rate is maintained until the project is concluded.

Turning now to duration forecasting using ES, Figure 9
shows how accuracy performed in the four projects under
study. From the execution start-up periods, the probability
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Figure 7: Relative frequency histograms showing the accuracy probability of the forecast produced by the techniques. (a) Histogram of cost
accuracy in month 40 for the Santiago project. (b) Histogram of duration accuracy in month 10 for the Mazar Dudas project.
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Figure 8: Cost forecasting accuracy with EVM over project execution time.
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Figure 9: Accuracy of duration forecasts using Earned Schedule over the execution period of the four projects.

of accuracy tended to increase in all projects. However, up
until 90% of the duration had elapsed, the improvement in
accuracy was minimal, with a maximum of 62% of probable
accuracy in the Santiago project and even lower values in the
others. After 90% of scheduled duration, the probability of
accuracy is seen to improve, although its performance is not
the same in all the projects. In fact, this improvement ranges

between 44% and 96% at the end of the scheduled duration
period.

4. Conclusions
From the results shown in Figure 8, it is concluded that
using EVM as a tool for predicting the costs of a complex
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hydroelectric power production project is seen to produce
forecasts whose efficiency improves as project implementation progresses to a point after about 60% of scheduled
duration where the cost forecasts it provides match simulated
costs with a 100% probability of occurrence.
Complex hydroelectric power production projects are
cost intensive and call for capital outlays of many millions
of dollars implemented over several years, as shown in
Table 2. In this context, EVM is a powerful tool that enables
very efficient cost forecasting after approximately 60% of
execution time has elapsed, thus allowing sufficient time
for decisions to be taken to correct any budget deviations
identified.
The ES technique, as an extension of EVM applied to
complex hydroelectric power production projects, returned
duration forecasts that tend to improve their accuracy as
project implementation progresses, as seen in Figure 9.
However, these trends are individual and differ among
the four projects in our study. Furthermore, until 90% of
scheduled duration has elapsed, its forecasting efficiency is
seen to be low, as the best duration forecast corresponding
to the Santiago project showed an accuracy probability of
62% at 88% of scheduled duration. After 90% of scheduled
duration, the tendency is for forecasting efficiency to improve
substantially. Nevertheless, the trend varies between the
projects, ranging from 44% to 96% accuracy at 100% of
the scheduled duration. In light of such performance, it
can be concluded that ES is not an accurate technique
and does not offer sufficient reliability as a tool for forecasting the duration of complex hydroelectric power plant
projects.
While ES indicators are presented in units of time, the
S-Curves that the technique uses to project these indicators
are based on costs, such as EV and PV. The baseline used
by EVM and its ES extension prioritizes the importance of
tasks exclusively on the basis of their cost, so that other
fundamental variables are not taken into consideration when
weighing up the importance of a task, such as duration or
the significance of tasks that form part of a critical path. A
complex hydroelectric power plant project is characterized by
long-lasting tasks and jobs, so it is essential to consider their
duration as a principal variable together with the costs.
This paper analyzes the efficiency of EVM and its ES
extension as a tool for forecasting cost and duration in
complex hydroelectric power production projects and has
detected certain inaccuracy in its forecasting of duration.
On the basis of this diagnosis and as subsequent work to be
done as part of the lead author’s Ph.D. thesis, the intention
is to develop a new technique as a further extension of
EVM that includes duration and criticality of tasks on critical
paths as the baselines, in addition to costs. This would entail
building a duration forecasting tool of suitable efficiency
to afford project managers enough time to make decisions
when facing deviations to scheduled deadlines. This initial
analysis of how traditional techniques perform when applied
to real cases that the lead author has participated in should
provide a solid cornerstone in the achievement of such a
goal.
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The use of conventional manufacturing methods is mainly limited by the size of the production run and the geometrical complexity
of the component, and as a result we are occasionally forced to use processes and tools that increase the final cost of the element
being produced. Additive manufacturing techniques provide major competitive advantages due to the fact that they adapt to the
geometrical complexity and customised design of the part to be manufactured. The following may also be achieved according to field
of application: lighter weight products, multimaterial products, ergonomic products, efficient short production runs, fewer assembly
errors and, therefore, lower associated costs, lower tool investment costs, a combination of different manufacturing processes, an
optimised use of materials, and a more sustainable manufacturing process. Additive manufacturing is seen as being one of the
major revolutionary industrial processes of the next few years. Additive manufacturing has several alternatives ranging from simple
RepRap machines to complex fused metal deposition systems. This paper will expand upon the structural design of the machines,
their history, classification, the alternatives existing today, materials used and their characteristics, the technology limitations, and
also the prospects that are opening up for different technologies both in the professional field of innovation and the academic field
of research. It is important to say that the choice of technology is directly dependent on the particular application being planned:
first the application and then the technology.

1. Historical and Current Framework
Many different additive manufacturing (AM) technologies
enable the production of prototypes and fully functional
artefacts. Although very different in solution, principle,
and embodiment, significant functional commonality exists
among the technologies.
In order to enter the subject from its origins, before
proposing a classification or analyzing the different technologies and their advantages and disadvantages, a chronological
analysis of facts will be carried out that will allow us to
later base the conclusions. This chronological analysis will be
based on dates of publication of works, dates of application for
patents, and dates of acceptance of these patents, being aware
that in any case the dates in which the developments were
reached are always prior to those dates of a public nature.

Without a doubt, the milestone that marked the beginning of additive manufacturing took place on 9th March 1983,
when Charles W. Hull successfully printed a teacup on the
first additive manufacturing system: the stereolithography
apparatus SLA-1, which he himself built [1].
From then on, there were several advances that paved
the way for what is today known as additive manufacturing
(Table 1). From a chronological point of view, the most
relevant are as follows [2]:
1986. Carl R. Deckard, at the University of Texas,
develops a “method and apparatus for producing
parts by selective sintering”, a first step in the development of additive manufacturing by means of selective
sintering (SS).
1988. Michael Feygin and his team at Helisys, Inc.
develop a method for “forming integral objects from

Helisys, Inc.

Three-dimensional printing
techniques
Forming integral objects
from laminations Apparatus for forming an
integral object from
laminations

Emanuel M. Sachs;
John S. Haggerty;
Michael J. Cima;
Paul A. Williams

Feygin, Michael;
Pak, Sung Sik

Jet Prototyping
(injection)
JP

Laminated
Manufacturing (cutting)
LM

Source: World Intellectual Property Organization (WIPO), https://patentscope.wipo.int.

Massachusetts Inst.
Technology

Apparatus and method for
creating three-dimensional
objects

Scott S. Crump

Material Deposition
MD
Stratasys, Inc.

University of Texas

Carl R. Deckard

3D Systems

Development centre

Selective Sintering
SS

Patent
Method and apparatus for
production of
three-dimensional objects
by stereolithography
Method and apparatus for
producing parts by selective
sintering

Charles W. Hull

Inventors

Stereolithography
SL

Technology

05.10.1988

08.12.1989

30.10.1989

17.10.1986

08.08.1984

Request for patent

18.04.1996

09.06.1991

01.05.1991

21.04.1988

12.02.1986

Publication of patent

Table 1: Key inventions in additive manufacturing (ordered by publication of patent).

Cutting and gluing of
laminations with the
geometry determined for
each layer

Injection of binding agent
and coloured ink on a bed
of powdered material

Selective sintering of
powder (fusion –
solidification using laser)
Deposition of material,
using a nozzle, in plastic
state (heated by electrical
resistance)

Photopolymerization of a
photosensitive resin using
UV light

Principle of operation
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laminations”, an automatic lamination cutting system
(laminated manufacturing - LM) that produces layers
with the dimensions marked out by the electronic file,
layers which will then be bonded to form the final
prototype.
1989. Scott S. Crump, at the company Stratasys,
Inc., develops an “apparatus and method for creating
three-dimensional objects”, a first step in the development of additive manufacturing by means of fused
deposition modelling (FDM).
1989. Emanuel M. Sachs and his team, at Massachusetts
Inst. Technology, develop “three-dimensional printing techniques”, a process of injecting binding agent
and coloured ink on a bed of powdered material,
using the injectors of a conventional ink-jet printer to
do so.
As an evolution of Hull's work based on photopolymerization, other processes have been developed:
(i) Solid Creation System (SCS). Developed by Sony Corporation, JSR Corporation and D-MEC Corporation
in 1990.
(ii) Solid Object Ultraviolet Laser Printer (SOUP) Developed by CMET Inc. in 1990.
(iii) Solid Ground Curing (SGC) developed by Cubital
Ltd. in 1991
(iv) Inkjet Rapid Prototyping (IRP), the parts are formed
by injecting a photopolymer drop by drop which
is then cured using ultraviolet light. Developed by
Object Geometries Ltd. in 2000, under the name
Polyjet.
As an evolution of Deckard’s work based on sintering, other
processes have been developed [3]:
(i) Direct metal laser sintering (DMLS), where the base
material is metal powder and the grains are bonded
by sintering, without the grains being fully fused
together.
(ii) Selective laser melting (SLM), where metal powder is
fully fused together and so the process is not sintering
but rather melting.
As an evolution of Crump’s work on fused deposition modeling, other processes have been developed:
(i) Metal deposition (MD), where a metal filler material
(powder jet or wire) is deposited by a nozzle following
the path marked out by the G-code in the .stl or .amf
file [4].
(ii) Fused Filament Fabrication (FFF), name from
the RepRap community, an open community at
RepRap.org, founded by Adrian Bowyer at the
University of Bath in 2004 [5].
At this point, hardfacing processes using numerical control
(NC) should be mentioned, which are predecessors of fused
deposition modeling and prior to the work of Crump,
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with the difference being that they were not based on
electronic files generated by means of solid modeling systems
[4]. Although additive manufacturing could date back to
automated welding systems (1970s), where a robotic arm
controlled by numerical control (G-code) deposited material
in welding or hardfacing operations (which may be a similar
case), it was not until 1983 that this G-code was used to
control a laser that “solidifies” a resin and builds a part using
a virtual model (solid model and .stl file).
As an evolution of the work of Sachs and his team on the
injection of binding agent or base material, other processes
have been developed:
(i) MultiJet Modeling System (MJM) developed by 3D
Systems Inc. in 1999, with multiple heads in parallel
that move along one axis.
(ii) ModelMaker and Pattern Master, by Solidscape, with
one single print head that moves along two axes.
(iii) ProMetal, division of Extrude Hone Corporation,
process that binds together steel powder and then
infiltrates molten bronze to produce a part that is 40%
steel and 60% bronze [6].
Finally, as an evolution of the work of Feygin and his team
based on cutting laminations, other processes have been
developed:
(i) Selective Deposition Lamination (SDL) Invented in
2003 by MacCormack. The SDL technique works by
depositing an adhesive in the area required, both the
model and the support, and a blade that cuts the
outline of the layer [7].
It is interesting to point out that there are current processes
based on more than one of the contributions stated or on
integrated processes. This is the case of polyjet modeling
(PJM), which is said to be a combination of stereolithography
and injection.
Nowadays, the volume of processes, technologies and
initialisms is so high that there is no extensive classification
system in operation. In Table 2 we can see a list of initialisms
used in this field, which is by no means exhaustive, which
gives us an idea of how technology is evolving.
In order to highlight the basic pillars of additive manufacturing in Table 2, the abbreviations referring to the
technologies discussed at the beginning of this introduction
have been highlighted in italic.
Given the large number of initiatives and processes that
are developed and patented every day, there is no doubt
that additive manufacturing is a technology that will set
the standards for many productive processes in the short
and medium term. One more proof of this is that the
European Union has decided that manufacturing in general
and additive manufacturing in particular shall be one of the
key tools to tackle some of the European challenges and their
subsequent objectives, above all economic growth and the
creation of added value and high-quality jobs. This decision is
generating the setting up of research and innovation support
and promotion programmes aimed at achieving a situation in

3DB
3DP
AF
ALPD
AM
BM
CAM-LEM
DCM
DIPC
DLC
DLF
DLP
DMD
DMLS
EBM
EBW
EP
ERP
FDC
FDM
FFEF
FFF
FLM
FLM
HSS
IJP-A
IJP-UV
IJP-W
IRP
JP
LAM
LC
LCVD
LDC
LDM
LENS
LFFF
LLM
LM
LMD
LMF
LOM
LOM

Table 2: A sea of initialisms.

three-dimensional bioplotter
three-dimensional printing
additive fabrication
automated laser powder deposition
additive manufacturing
biomanufacturing
computer-aided manufacturing of laminated engineering materials
direct composite manufacturing
direct inkjet printing of ceramics
direct laser casting
directed light fabrication
digital light processing
direct metal deposition
direct metal laser sintering
electron beam melting
electron beam welding
electrophotographic printing
electrophotographic rapid printing
fused deposition of ceramics
fused deposition modeling
freeze-form extrusion fabrication
fused filament fabrication
fused layer modeling
fused layer manufacturing
high speed sintering
aqueous direct inkjet printing
UV direct inkjet printing
hot-melt direct inkjet printing
inkjet rapid prototyping
jet prototyping
laser additive manufacturing
laser cladding
laser chemical vapor deposition
laser direct casting
low-temperature deposition manufacturing
laser engineered net shaping
laser free form fabrication
layer laminated manufacturing
laminated manufacturing
laser material deposition
laser metal forming
layered object manufacturing
laminated object manufacturing

LPD
LPF
LPS
LRF
LS
M3 D
MD
MD
MEM
MIM
MJM
MJS
MS
M-SL
PBF
PJM
RFP
RM
RP
RPM
RT
RTM
SALDVI
SCS
SDL
SDM
SFC
SFF
SGC
SHS
SL
SLA
SL-C
SLM
SLP
SLS
SLSM
SOUP
SS
SSM-SFF
SSS
UC
UOC

laser powder deposition
laser powder fusion
liquid-phase sintering
laser rapid forming
laser sintering
maskless mesoscale material deposition
metal deposition
material deposition
melted extrusion manufacturing
material increase manufacturing
multijet modeling system
multiphase jet solidification
mask sintering
microstereolithography
powder bed fusion
poly jet modeling
rapid freeze prototyping
rapid manufacturing
rapid prototyping
rapid prototyping and manufacturing
rapid tooling
rapid tool maker
selective area laser deposition and vapor infiltration
solid creation system
selective deposition lamination
shape deposition manufacturing
solid film curing
solid free-form fabrication
solid ground curing
selective heat sintering
stereolithography
stereolithography apparatus
stereolithography of ceramics
selective laser melting
solid laser diode plotter
selective laser sintering
selective laser sintering of metals
solid object ultra-violet laser printer
selective sintering
semisolid metal solid freeform fabrication
solid-state sintering
ultrasonic consolidation
ultrasonic object consolidation
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Complexity
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3D model

Prototyped model

Final model

Figure 1: Ball joint mounted in its housing [8].

which additive manufacturing enables the provision of both
high-value products and competitive services.
All over the world the additive manufacturing industry
is beginning to respond to global, national, and regional
standardisation needs via a series of working groups in which
the European Union is a key participant: the ISO/TC 261,
Additive manufacturing; the ASTM Committee F42 on Additive Manufacturing Technologies; the CEN/TC 438, additive
manufacturing; or the AEN/CTN 116, Sistemas industriales
automatizados (https://www.aenor.com/) [9].
The ISO standard (ISO 52900) defines additive fabrication as follows [9, 13]:
“Manufacturing processes which employ an
additive technique whereby successive layers or
units are built up to form a model.”
The terms habitually used in conjunction with additive
manufacturing have been evolving at the same pace as the
technological developments, and it is convenient to establish
a framework of reference that enables an analysis to be carried
out of the developments made and of the standardisation
required for the future [14]:
(i) “Desktop manufacturing”, perhaps the first name, in
line with the names at the time (1980s) such as desktop
computer, desktop design.
(ii) “Rapid Prototyping”. This was the first term used
to describe the creation of 3D objects by way of
the layer-upon-layer method. The technologies that
currently exist enable the manufacture of objects that
can be considered as being somewhat more than
“prototypes”.
(iii) “Rapid tooling”. When it became clear that the additive
manufacturing system not only enabled us to build
prototypes, but also moulds, matrices and tools, this
name began to be used to differentiate it from rapid
prototyping.
(iv) “3D Printing”. This is the most commonly used
term. The term “low-cost 3D printing” is frequently
coined when we use printers that domestic or semiprofessional users can afford.

(v) “Freeform Fabrication”. Is a collection of manufacturing technologies with which parts can be created
without the need for part-specific tooling. A computerized model of the part is designed. It is sliced
computationally, and layer information is sent to a
fabricator that reproduces the layer in a real material.
(vi) “Additive Manufacturing”. This is the most recent
term applied and it is used to describe the technology
in general. It is commonly used when referring
to industrial component manufacturing applications
and high-performance professional and industrial
equipment.
An evolution can be seen in this sequence from obtaining
prototypes (with purely aesthetic and geometric goals at the
beginning) to simple functional parts, tools, and moulds,
to obtain complex functional parts such as those currently
obtained via additive manufacturing in the metal industry.
The difference between these techniques is reduced to the
application for which the additive manufacturing technology
is used. This means that a rapid prototyping technique can be
used as a possible technology for the rapid manufacturing of
elements, tools, or moulds. It answers the following questions:
how would it be possible to manufacture a ball joint fully
mounted in its housing without having to manufacture the
elements separately prior to their assembly? And is the mass
or individual production of this unit possible at an affordable
price (Figure 1)?
A characteristic common to the different additive manufacturing techniques is that of the need for a minimum
number of phases in the manufacturing process starting with
the development of the “idea” by the designer through to
obtaining the finished product [15] (Figure 2).
Obviously, the scheme proposed by Yan and his team is
a generalization since not in all AM processes G-Codes are
created, and preprocessing is not contemplated (necessary in
some processes).
In the process described above the designer can perform
the entire product manufacturing operation from start to
finish. The involvement of another technician is not necessary
for carrying out any complementary operations. However, it
must be taken into account that, during the process and prior
to manufacture, the designer must know the determining
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Complexity
Detailed process of a model
1. Conceptual development of the idea.
2. Design of the model in a 3D CAD application.
3. Generation of an .stl or .amf file to enable the
additive manufacturing equipment to interpret
the geometrical information (triangulation)
modelled in CAD.
4. Orientation within the machine and generation
of the NC code (G code) by the additive
manufacturing equipment.
5. Manufacturing of the component.
6. Cleaning. Removal of the support material (if the
technology uses support material and the
component so requires).
7. Post-process phase: (improving the finish and
hardening. Some technologies do not require
this).

Conceptual process
Conceptual development
3D CAD application
Generation the .stl file
Generation the G code
Manufacturing
Cleaning
Post-processing

1
2
3
4
5
6
7

Figure 2: Phases of the additive manufacturing process.

factors of the end product in order to be able to select the
most suitable manufacturing technique, make the necessary
modifications to the geometrical data file (stl or amf file), and
review the NC code. The designer must, therefore, have a full
overview of and the necessary training in all of the phases of
the process [19, 20].
This article contains a full and up-to-date description of
the benefits and drawbacks of the most important manufacturing methodologies and processes that exist within the
scope of the additive manufacturing concept, of the characteristics of the models manufactured and their associated
costs, of the functional models, the applications, and the
sectors of influence. At the end, there is a reference to the
RepRap community and free software due the importance
they acquired last years.
It is important to establish the variables that currently
support the implementation of additive manufacturing and
its relation to the basic principles of each technology, which
allow detecting the advantages and limitations of each of
them. In Figure 3, the relationship between the main variables
that intervene in the development of additive manufacturing
is shown: technologies, materials, type of models, associated
costs, and visual appearance. The current scope of these
variables and their evolution can be seen in the subdivision
that is presented in a circular diagram.

2. Processes
2.1. Additive Manufacturing Technologies. Conventional
component manufacturing processes are based on the use
of high-capacity resources combined with control elements
to achieve extremely high levels of precision and reliability.
The use of computer systems during the design engineering,
manufacturing, and simulation phases of a product in
combination with other techniques based on mechatronics
have succeeded in making production systems highly
efficient.
However, a number of limitations still plague manufacturing processes. This is because on occasion we find

ourselves being forced to use processes and tools that increase
the end cost of the element in accordance with the size of
the production run and the geometrical complexity of the
component.
Transformation processes currently exist that enable us
to extract, shape, fuse, and bind the base material of our
component, and for the last few years we have also been able
to deposit the material where it is needed; in other words,
using a virtual 3D model it is possible to manufacture the
component by adding the material in accordance with the
solid volume designed into the model.
Current additive-type technologies are based on the
dispersion-accumulation principle (Figure 4). The material
or additives filler processes are those that involve the solidification of a material the original state of which is solid, liquid,
or powder by way of the production of successive layers
within a predetermined space using electronic processes
[21]. These methods are also known by the acronym MIM
(Material Increase Manufacturing).
If we focus our attention on the application of the different manufacturing technologies used for obtaining rapid
prototypes, the current technologies can be classified as
additive (stereolithography, laser sintering, fused deposition
modelling, etc.) and nonadditive (incremental forming, highspeed machining, pressure injection moulding, lost wax,
laminating and contouring, etc.).
In Tables 3–8 the most relevant data with respect to the
main additive manufacturing technologies are analysed [6, 8,
11, 21, 22].
2.2. Classification. The classification of the additive manufacturing processes has been a controversial issue, even
bordering on obsession, since the appearance of the first
alternatives for obtaining pieces in these technologies. The
first classifications took into account whether the starting
material was solid, liquid, or powder, posing inconsequential
doubts that contributed little to the academic community.
The same problem was found in the professional field when
the first commercial solutions began to appear, since the
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classifications that were proposed had little or no utility [14,
23–25].
One of the pioneers in the classification of processes,
hierarchizing them based on the starting material, is JP Kruth
[26], who proposed an interesting classification in 1991. In
the literature we can also find other classification alternatives
based on the equipment used [27], to the process itself [28] or
to the transformation of materials [29]
The classification proposed by Williams and his team
[30] is very academic, but of little use from a practical point
of view. However, the classification proposed by ASTM has
some loopholes and disadvantages, and the same is the case
with the classification proposed by ISO.
ASTM (ASTM F2792) also proposes the following
groups: binder jetting, directed energy deposition, material
extrusion, material jetting, powder bed fusion, sheet lamination, and vat photopolymerization [31].

3D model cut

Layer height

Cut layers

Fabrication layers

Figure 4: The dispersion-accumulation principle [8].

However, for example, it is not very coherent to separate
the photopolymerization processes depending on whether
they are carried out in a vat or with another alternative, such

Tray

Platform

Laser

Model

Liquid resin

Supports

Mirrow

Resin Solidification - Stereolithography
The material undergoes point-to-point solidification due to the
photopolymerisation laser being directed onto a 2D cross-section of the model (XY
plane). The platform gradually descends (Z plane) in accordance with the height of
the layer defined [10].
Layer thickness varies from between 0.1 and 0.2 mm. The precision in SL is +/- 0.2%
(min. +/- 0.2 mm). Maximum model size: 2100x700x800 mm.
The following materials can be used (epoxy-acrylic resins: Poly1500, PP,
TuskXC2700T / Tusk2700W, Tusk SolidGrey3000, Flex70B, NeXt, Protogen White,
Xtreme, WaterClear [11].
The properties of the material NeXt are: tensile modulus: 2370-2490 Mpa; tensile
strength: 31-35 Mpa; elongation at rupture: 8-10%; flexural modulus: 2415-2525 Mpa;
bending strength: 68-71 Mpa; impact strength: 47-52 J/m; deformation under load
temperature: 48-57∘ C.
Advantages and disadvantages
The quality and surface finish are good or very good. Great precisions and
transparent parts can be obtained.
The equipment and materials are medium-high cost. They have problems to obtain
pieces with cantilevers or internal holes due to the difficulty of removing the
supports.

Table 3: Stereolithography (SL).
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Supply
container

Tray

Mirrows

Model

X-Y
deflection

Powder
bulldozer

Excess
material
cartridge

Laser

Model

f-ϴ lens

Laser

Supply
cartridge

Material

Construction
platform

Excess
container

Mirrow

Selective Laser Melting

Selective Laser Sintering

Table 4: Selective sintering/melting (SS).

The print nozzle head is fitted with a CO2 laser that is
directed via a set of lenses onto the powdered material.
The support structures are made of the same material as
the model and must undergo a subsequent finishing or
even machining process [3].
The minimum layer thickness is 0.020 mm.
The material can be: stainless steel, Co-Cr, Inconel
625-718, titanium Ti64.
Properties of the material Co-Cr: ultimate creep (Rm ):
1050 Mpa; elongation (E): 14%; Young’s modulus: 20
Gpa; Hardness 360 HV.
Advantages and disadvantages
Pieces of high quality and precision are obtained. There
is a large amount of metallic materials to be sintered.
Equipment and materials are expensive. They have
problems to obtain pieces with cantilevers or internal
holes due to the relative difficulty of removing the
supports.

A layer of powder is laid down and a CO2 laser sinters it
at the points selected on a 2D cross section of the model
(XY plane). The platform gradually descends (Z plane)
in accordance with the height of the layer defined [12].
Precision is between +/- 0.3% (min. +/- 0.3 mm).
The minimum layer thickness is 0.08 mm. Maximum
model size 700x380x580 mm.
The following materials can be used: Polyamide (PA),
Glass filled polyamide (PA-GF), Alumide, PA 2241 FR,
TPU 92A-1.
Properties of the PA material: tensile modulus: 1650
Mpa; tensile strength: 22 Mpa; elongation at rupture:
20%; flexural modulus: 1500 Mpa; bending strength: Mpa; impact strength: 53 J/m; deformation under load
temperature: 86∘ C.
Advantages and disadvantages
Pieces of high quality and precision are obtained. A
large quantity of sintering materials is available. They
do not present problems to obtain pieces with
cantilevers or internal holes because the own dust
makes of support.
The equipment and materials are medium-high cost.
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Support
material
coil

Model
Support

Head machine

Model
material
coil

Fused Deposition Modelling

Table 5: Material deposition (MD).
The wire is rolled around a coil and deposited using the
thermal nozzle head that moves in accordance with the
plane (XY). The platform gradually descends (Z plane)
in accordance with the height of the layer defined [16].
The layer thickness is: 0.13 - 0.25mm (for ABS); 0.18 0.25 mm (for ABSi); 0.18 - 0.25 mm (for PC); 0.25 mm
(for PPSU). The maximum model size is 914x610x914
mm.
The following thermoplastic materials can be used:
ABS, ABSi, ABS-M30, ABS-ESD7, PC-ABS, PC-ISO
and ULTEM 9085. The properties of ABS are: tensile
modulus: 1627 Mpa; tensile strength: 22 Mpa;
elongation at rupture: 6%; flexural modulus: 1834 Mpa;
bending strength: 41 Mpa; impact strength: 107 J/m;
deformation under load temperature: 76-90∘ C.
Advantages and disadvantages
Low medium cost equipment, available even in
domestic environments. Possibility of eliminating
supports by dissolution and obtaining very clean pieces.
Pieces of quality and precision can be obtained but
resorting to high cost equipment.
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Adhesive
cartridge

Model

Head machine

Table

Powder
model
material

Three Dimensional Printing – Glue Injection

Table 6: Jet prototyping (JP).
The model is built on a bed full of powdered model
material. A nozzle head injects an agglutinate onto the
surface of the bed and fuses the powder in accordance
with the geometry of the 2D cross-section of the model.
The powder is added and levelled using a roller. Once
the process has been completed, the excess powder is
sucked off the bed leaving the model clean. The model
then has to be cured (hardened) using different coatings
[17].
Minimum layer thickness is between 0.013 and 0.076
mm.
The material used can be ceramic, metal and polymers.
The properties of the material zp150-Z-Bond are: tensile
modulus: - Mpa; tensile strength: 14 Mpa; elongation at
rupture: 0.2 %; flexural modulus: 7.2 Mpa; bending
strength: 31 Mpa; deformation under load temperature:
112∘ C.
Advantages and disadvantages
Pieces of color are obtained, with great aesthetic quality.
No supports are needed.
It is not easy to obtain functional pieces due to the
fragility of the pieces obtained. The cost of the
equipment is medium-high.
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Pressure
tool

Paper
collection
coil

Adhesive

Steamroller
lamination

Laser

SDL

Platform

Laminated model

Machine cut

Laminated model
Paper
supply
coil

Selective Deposition Lamination

Table 7: Laminated manufacturing (LM).
Invented in 2003 by MacCormack,
SDL must not be confused with
laminated object manufacturing
(LOM) technology. LOM uses a laser,
laminated paper and an adhesive that
fixes the model and support material.
The SDL technique works by
depositing an adhesive in the area
required, both of the model and the
support, and a blade that cuts the
outline of the layer [7].
LOM: The layer thickness is 0.165 mm.
The maximum model size is
170x220x145 mm.
SDL: Layer thickness corresponds to
the thickness of the paper used plus
that of the layer of adhesive.
Sheets of PVC with the following
properties are used: tensile strength:
40-50 Mpa; elongation at rupture:
30-100%; flexural modulus: 1200-200
Mpa; deformation under load
temperature: 45-55∘ C.
Advantages and disadvantages
Pieces of high quality aesthetic
objectives are obtained. The starting
materials are low cost. The pieces
obtained can be painted. The
equipment is of average cost. No
functional parts are obtained.
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Platform

Model

Head machine

Support

UV light

Resin Injection (Projection) and Ultraviolet Light Photopolymerisation

Table 8: Injection-polymerisation (JP-SL).
A head with thousands of injectors
deposits drops of liquid resin that are
hardened using two UV ray lights fitted
on the sides of the selfsame head. Two
materials can be used simultaneously
(bi-material pieces) [18].
The minimum layer thickness is 0.017
mm.
The range of materials is extremely
extensive and includes translucent resins,
polypropylene, ABS and elastic resins.
Properties of the SCI White (PolyJet)
material: tensile modulus: 2500 Mpa;
tensile strength: 58 Mpa; elongation at
rupture: 10-25 %; flexural modulus: 2700
Mpa; bending strength: 93 Mpa;
deformation under load temperature:
48∘ C.
Advantages and disadvantages
The quality and surface finish are good or
very good. Great precisions and
transparent parts can be obtained.
Equipment and materials are expensive.
They have problems to obtain pieces with
cantilevers or internal holes due to the
difficulty of removing the supports.
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as injection. A difference is made between directed energy
deposition and material extrusion when both are, without a
doubt, deposition processes.
Moreover, it is not justifiable to distinguish between
injection processes when an “adhesive” or a “material” is
injected, since, at the end of the day, both materials will end
up forming part of the prototype or final part, as is the case of
the ProMetal system.
It is also interesting to see that there are two types of
injection: (a) when an adhesive is injected (which ends up
forming a “material” part of the product) and (b) when a
“material” is injected.
Lastly, there are different processes, some very important,
that do not fall into any of the groups in this classification,
such as in the case of mask sintering or digital light processing, for example.
ISO proposed, in its 2010 working draft, the following
ten processes: stereolithography, laser sintering, laser melting, fused layer modeling/manufacturing, multijet modeling,
polyjet modeling, 3D printing, layer laminated manufacturing, mask sintering, and digital light processing [32].
There is no doubt that for the simple fact of defining
ten processes, other important processes are left out. In
this classification, it can be seen that the manufacturers’
considerations have more of an influence than logic. In
2015 ISO assumes the ASTM classification with its standard
ISO/ASTM 52900:2015 (ASTM F2792).
An additive manufacturing system is in itself a production system and, therefore, for the purposes of classification,
the systematics of manufacturing processes should be used.
In every manufacturing system, there must be four elements
present [4]:
(i) Material
(ii) Energy
(iii) Machine and tool
(iv) Technology (know-how)
From the point of view of the material, we could opt for
the classic classification of solids, liquids, powder, etc. [14];
however, for both the engineer who wishes to manufacture
the product and their customer, it is more important to
expand upon the technical qualities of the material and, thus,
we need to begin to classify the processes according to their
ability to work with metal materials (with high melting points
and which, therefore, require more energy in the process) or
with other materials. And it is these technical qualities that
we are going to focus on in this article.
From the point of view of energy, it is important to
analyse what type of energy is required and how this energy
is transmitted. With regards what type of energy is required,
this may be as follows:
(i) Heat (electrical resistance, electron beam, etc.)
(ii) UV light (visible or laser)
(iii) Chemical energy (for adhesion processes, chemical
reactions, etc.)

With regard to how this energy reaches the material for
successful transformation, this may be via the following:
(i) Laser (valid to provide UV light and heat)
(ii) Electrical resistance
(iii) Electron beam
From the point of view of the machine, it is important to
analyse the alternatives of smaller machines, suitable for
offices, compared to industrial machines and as regards the
tools, these shall include the following:
(i) Vats and containers for photosensitive liquids or
powder
(ii) Deposition or extrusion nozzles
(iii) Injectors
With regard to technology, the most important variable, it is
necessary to know if it is available commercially or if it is only
an option available in research centres, as in this case there
will likely be a wait involved, although fortunately not long if
the technology is valid.
In conclusion to all of this, Table 9 shows the classification
system that takes these variables into account: material,
energy, machine and tool, and technology.
To specify this classification, which can cover all additive
manufacturing processes with simple approaches and that
can evolve as technology evolves, we present the classification
chain of the five processes analyzed in the introduction, the
basic pillars of additive manufacturing (Table 10).
For example, stereolithography (SL) is a process that uses
resins as material (2); uses laser as energy (f); is a professional
machine (3); uses vats and containers for photosensitive
liquids as tools (a); and is available commercially (4). For this
reason, stereolithography will have a classification: 2f3a4.
2.3. Analysis of the Environment. In order to carry out
this study, we worked with leading additive manufacturing
companies, both ones that are developing new processes and
ones that are part of the market providing service. Contact
was also established with researchers in technology centres
and universities and their contribution has proved to be
highly valuable.
Unsurprisingly, this study entails an exhaustive analysis
of the most important literature in the field of additive
manufacturing, a study that we cannot include in this paper in
full due to the obvious space constraints. Nonetheless, a series
of papers must be listed which, due to their special interest in
the subject, provide information that has proved fundamental
in producing this paper.
In the field of metal additive manufacturing, an analysis
has been performed on processes using powder, whether
powder injected, powder deposited in layers, or processes
using wire [22, 33–35].
As has been discussed, this paper has been approached
from both a professional perspective (expanding upon the
most interesting innovations in this field) and a research
perspective. Therefore, papers that take into account the
social impact of additive manufacturing have been analysed

Technology

Machine and
tools

Energy

Material

In experimental phase (2)

In conceptual and development phase (1)

Industrial (4)
Cutting tool (d)
Available
commercially (4)

Injectors (c)
Available at research centre
(3)

Cutting tool (h)

Mechanical energy

Metals and difficult
materials (7)

Professional (3)

Laser (f) or visible light (g)

Adhesives (d)
Reagents (e)
Office (2)
Deposition or extrusion
nozzles (b)

Ceramics (4)
Powder (5)
Sheets (6)
UV light (visible or laser)

Resins, transparent
materials (2)
Flexible materials (3)
Chemical energy

Heat
Electrical resistance (a)
Electron beam (b)
High power laser (c)
Low cost (such as RepRap) (1)
Vats and containers for photosensitive liquids
or powder (a)

Materials with a low melting point (1)

Table 9: Classification matrix of the processes in additive manufacturing.
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Ideal surface

Error in the conversion of the 3D model into STL
format

Stepping effect error

Error in the decomposition in layers of the 3D
model

Model infill error

Figure 5: Technology limitations in the rapid prototyping process.

Table 10: Classification of the original processes in additive manufacturing.
Stereolithography (SL)
Selective Sintering (SS)
Material Deposition (MD)
Jet Prototyping (JP)
Laminated Manufacturing (LM)

2–f–3–a–4
1–c–3–a–4
1–a–3–b–4
5–d–3–c–4
6–h–3–d–4

[20, 35–37]. Papers focusing on medical issues have also been
analysed [38–40] and papers have been located which expand
upon design methodologies for additive manufacturing [6],
the involvement of concurrent engineering [41], and the study
of nonrigid materials [42]. The fields of architecture [23, 43–
45] and the automotive industry have also been addressed [6].
References have also been found relating to functional
prototypes [46], which show the use that additive manufacturing still has in this regard, along with papers on very
contrasting environments, such as the food industry [47]. In
the field of research, papers relating to studies of the processes
[48] or medical studies with living cells [36, 38, 49–51] are
worth mentioning.
Naturally, this study also considers the RepRap movement [5, 21, 52], as although technologically speaking it does
not contribute much, it has undoubtedly played an essential
role from both a social perspective and one of technology
disseminations, and so it cannot be omitted in any serious
study on additive manufacturing.

3. Analysis
3.1. Characteristics of the Models Manufactured Using the
Addition of Material Technique. When the three-dimensional
model is obtained using a reverse engineering process and the
precision of the final model is determined by the scanning

process, the virtual 3D modelling, and the additive manufacturing process. If an inverse engineering process has not been
used, the models manufactured are determined by the virtual
3D modelling and the manufacturing process used [53].
We have already seen that during the manufacturing
process the model is built by way of the depositing of layers
on the x-y plane resulting in solid volume being acquired in
the direction of the Z axis. This process is characterised by a
volume error between the volume of the virtual 3D model and
the volume of material obtained in the model and, therefore,
the manufacturing precision is the result of superimposing
different errors in the production of the model which affect
the surface quality, the dimensional accuracy, and the final
weight of the model.
The technology limitations that occur in this process are
as follows: an error in the conversion of the 3D model into
STL format (triangulation of the geometry), an error in the
decomposition in layers of the 3D model (exact division of the
thickness), stepping effect error (orthogonal deposition of the
material by layers), and, finally, model infill error (Figure 5).
There are studies which show that the models obtained
using rapid prototyping techniques have an average error in
the majority of the 0.05 mm dimensions with respect to the
original model or of modelling control in 3D [42].
The additive manufacturing of three-dimensional models
with an aesthetic (visual) or assembly objective is achieved
using techniques that involve the layer-upon-layer addition
of plastic materials, while functional models or those capable
of withstanding mechanical testing must be manufactured
mainly in metal and, in some cases, in a polymeric material
that is subjected to a postproduction hardening process.
Studies undertaken by different research institutes show
that those products manufactured in metal using additive technologies provide the same or better mechanical
performances than the same products manufactured using
conventional processes [22]. The resistance to corrosion of
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Model made for aesthetic (visual) purposes

Model made for hydraulic testing purposes

Figure 6: Function prototypes for testing.

products manufactured using additive technologies is similar
where the same level of surface finish is involved.
One objective during research is that of obtaining
functional prototypes using polymeric materials capable of
withstanding mechanical testing using rapid prototyping
technologies. The advances made in the field of deposition
materials and the subsequent finishing of the model may
lead to functional prototypes that do not require the use
of techniques based on rapid manufacturing (RM), thereby
avoiding tooling costs (see Figure 6) [23, 46].
3.2. Technologies and Decision Variables. Some of the technologies described above require the use of a material, known
by the name of support material, the purpose of which is to
hold any overhanging designed parts in place. Once the deposition process has been completed, the support material must
be removed during an operation carried out subsequently
to manufacture (postprocessing), and the technique used to
remove it shall depend on the support material in question
and, therefore, on the additive manufacturing technology
employed. In some additive technologies there is no support
material as the support function that is performed by the
material that has not hardened [18].
With respect to the mechanical properties of the prototypes obtained via the addition of material, these are
determined by the quality of the result of the fusion between
layers and the properties of the material. The following
parameters (DIN EN ISO 178/179/180/527/2039) must be
established in order to analyse the mechanical properties of
the materials used in the different additive manufacturing
methods: elastic modulus, breaking stress, elongation, flexural modulus, impact strength, compressive strength, and
melting point (Table 11) [11, 54–56].
The choice of the most suitable technique for each type
of prototype is based on the definition of the objective
behind the production of the prototype: aesthetic, functional, investigational, or visual if the purpose is only to
check the external appearance of the item designed [19,
39, 42, 57–60]. When it comes to making this choice an
analysis may be planned based on a study of the possible
variables: technology, resolution and precision, materials,
software, the mechanical properties of the material (traction,
compression, impact, softening, and density), surface finish,
production time, cost, maximum dimensions of the item
or model, posthardening requirements, guarantee, noise, CE
certification, operational temperature, electrical connections

and consumption, interface (network, hardware, software
and exchange formats), weight, and spares and consumables
(Table 12) [23].
Of all the aforementioned study variables, those habitually taken into account when choosing the prototyping technology are resolution-precision, the mechanical and thermal
properties of the material, surface finish, production time, and
the cost of the prototype.
With respect to the evaluation of the different prototyping
technologies in accordance with the cost of the prototype,
the fact that the comparison of technologies is restricted by
the type of machine used must be taken into account. It is
commonly thought that those prototyping machines based
on stereolithography (SL) and selective laser sintering (SS)
can be applied to the industrial production of prototypes,
while all the others are seen as being machines that can be
used professionally, but not in situations where the main
objective is production. The manufacturers are currently
offering domestic or desktop, professional, and industrial
rapid prototyping machines, and therefore the costs incurred
by using these machines must be offset by the performance
levels shown above and by the production levels that can be
obtained [39].
However, to calculate the price of an element manufactured using additive technologies the following general model
can be followed in which the final manufacturing cost of
the prototype (Cp ) of the 3D model has been calculated in
accordance with the following equation [8]:
Cp = Ce + Cm + Ct + Ca

(1)

where
Ce is production cost (machine depreciation data)
Cm is cost of material
Ct is the processing cost of the 3D model and labour
cost
Ca is finishing (post-processing) cost
If this calculation model is transferred to a specific case,
observe the following example of the cost of a prototype
generated using the MD technique in a professional grade
machine that can be easily adapted to any additive technology. In this case, as can be seen, there is no finishing cost
(Table 13).
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PROTOTYPING TECHNOLOGIES – HABITUAL MATERIALS
MD
JP
SL-JP
zp150-ZABS
ABS+
VisiJet M3 X
Digital ABS PolyJet White
bond

Table 11: The principal mechanical and thermal properties of the functional materials used in AM.
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Table 12: Decision variables when choosing a prototyping technology.

CHARACTERISTICS

COSTS

DIMENSIONS

WORK MATERIAL

PRECISION

OTHERS

3.3. The Benefits and Disadvantages of Additive Manufacturing. The processes used to manufacture conventional parts
and components are influenced by a series of limitations
related to the obtaining of certain shapes, such as curved
holes, mould release angles, or preventing tools from coming
into contact with geometrically complex pieces. And then
there is the fact that some manufacturing processes do
not comply with a company’s commitment to a sustainable
production process by involving the residues related with the
use of cooling liquids.
Two characteristics comprise the main difference
between the additive manufacturing techniques and
their conventional counterparts. These not only provide
significant competitive advantages, but also do not make the
manufacturing process more expensive:
(1) The geometrical complexity of the part to be manufactured. Elegant geometrical forms, hollow interiors, internal channels, variable thicknesses, irregular
shapes, etc. can easily be reproduced based on the
geometrical template obtained from a 3D CAD.
(2) The customisation of the part to be manufactured.
Products that are exactly identical or completely different can be obtained without any notable influence
on the process and without additional costs. This
customisation represents one of the main current

SPECIFICATIONS TO BE CONSIDERED
Price of the machine (including post-production and maintenance)
Unitary model cost
Cost of training qualified operators
Control and modelling software
Annual maintenance cost
Workspace
Dimensions of the machine
Weight of the machine
Noise level
Mandatory accessories
Colour or number of colours, transparency
Possibility of recycling material
Technical characteristics of the material
Working temperature
Precision
Height/Thickness of layer
Minimum detail size
Resolution
Minimum wall thickness
Vertical working speed
Network/On-line connection
Files supported, scope of the software associated with the machine
Adaptability to accessories
User friendliness (ease of handling and maintenance)

trends in the development of products with a high
added value, and the mass application thereof is one
of the paradigms pursued by the industrial sectors in
developed countries, which see it as being the key to
their sustainability.
These two characteristics can provide massive benefits in
different industrial sectors:
(i) Lightweight Products. They enable the manufacture of
products designed for a specific function and with
made-to-measure features, e.g.: lighter for reasons of
weight savings, strength or costs. Some of the additive
manufacturing techniques are capable of filling a
model with different degrees of porosity without a
change of material.
(ii) Multimaterial Products. They make it possible to
manufacture a product using several materials simultaneously in the same solid. This means that the
technique overcomes one of the current limitations
with respect to the weight/mechanical strength ratio
by the introduction of new functionalities or the
lowering of production costs [61, 62].
(iii) Ergonomic Products. The design of the components
can achieve a greater degree of interaction with the

COST OF MATERIAL DATA Cm

COST OF TECHNICAL ANALYSIS DATA Ct
Cost of technical model analysis – including release from mould (€/h)
TECHNICAL DEPOSITION DATA
Model type
Mesh
Deposition rate (cc/h)
11
Machine-deposition price per hour (€/h)
ITEM TEST Model - Positioning: HORIZONTAL
CONCEPTS BUDGETED
Solid Interior
Model material (cc)
17.32
Model support (cc)
2.44
Model time (h)
1.30
Items per tray (unit)
1.00
Technical-analysis time (h)
0,30
Number of items
1.00
Unitary cost (€) + VAT
€20.85 /unit
Total cost (€) + VAT
€

Cost of model material: ABS filament (€/cc) (€271-950 cc)
Cost of support material: acrylic filament (€/cc) (€271-950 cc)
Cost of tray material (€/unit): (€100-24 units.)

Price of Machine (€)
Yearly maintenance cost (€)
Years of depreciation
Depreciation (h/year) - 223 days-year / 8 hours-day
Machine-depreciation price per hour (€/h)
Retail sale price per hour (€/h)

COSTS ANALYSIS FOR THE PROTOTYPING OF ITEMS IN A 3D PRINTER
MACHINE DEPRECIATION DATA Ce

Table 13: Calculation of the prototyping cost using material deposition (MD) technique.
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0.23
0.23
4.17

25,000
2,900
4
1,784
4.72
4.72

Partial costs
€3.98 /unit
€0.56 /unit
€6.14 /unit
€4.17/unit
€6.00
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user by adapting to the exact anthropometric characteristics of each individual (prostheses) without
necessarily affecting the manufacturing costs.

(vii) A more sustainable manufacturing process: toxic
chemical products are not directly used in appreciable
quantities.

(iv) Integrated Mechanisms. They make it possible to
manufacture a mechanism that is totally embedded
in the finished item without the need for subsequent
assembly and adjustments, e.g., a journal bearing, a
roller bearing, a spring and its support, and a screwedon worm gear.

However, additive manufacturing technologies do have a
number of drawbacks which must be borne in mind when
choosing the technology best adapted to the requirements of
the product to be manufactured.

(i) A reduction of the time it takes new designs to reach
the market: when additive manufacturing is used
as a manufacturing technique of the end product
and not only in the production of prototypes, many
of the current launch and validation phases can be
drastically shortened. Another advantage is that it
provides great flexibility when it comes to responding
to the continuous changes in market demand.

(i) Additive layer manufacturing produces what is
known as the stepping effect. The disadvantages of
this phenomenon include complicating the shaping
of geometrical curves and an extremely rough surface
finish. This effect means that shafts and holes must
typically be manufactured with their circular crosssection in plan. If they are not, the roundness of the
piece would not be acceptable. On the other hand,
and putting roundness to one side, positioning the
piece in another way might be useful depending on
the application in question; it would be interesting to
manufacture an overturned sliding axis in such a way
that no ‘interlocking’ occurs.

(ii) Short production runs: the size of the production run
can be minimal to the extent of being on a per unit
basis while hardly influencing manufacturing costs
(if and when the depreciation of the equipment is
not considered). One of the characteristics that make
this possible is the lack of a need for tooling, which
represents a considerable advantage with respect to
the conventional manufacturing methods.

(ii) With respect to some technologies, the manufacturing operation itself can be slow, thereby making it
particularly suitable for small production runs. When
the production run reaches a certain size it may
well be appropriate to use a conventional technology
despite the fact that, as has been seen above, these
technologies have a number of limitations, especially
geometrically speaking.

(iii) A reduction of assembly errors and their associated
costs: ready assembled components can be obtained
with the only subsequent operation being the quality
control inspection.

(iii) The materials used in some of the technologies might
not be suitable for the product to be manufactured.

As far as the production of industrial components is concerned, the following must be highlighted as obvious benefits:

(iv) A reduction of tool investment costs: tools do not form
part of the additive manufacturing process. This represents a great deal of flexibility as regards adapting
to the market and a reduction, or even elimination,
of the associated costs (toolmaking, stoppages due to
referred changes, maintenance, and inspection).
(v) Hybrid processes: it is always possible to combine
different manufacturing processes. In this case combining additive manufacturing processes with conventional processes might be interesting to make
the most of the advantages offered by both. For
example, it might be extremely beneficial to combine
additive manufacturing technology with mechanised
material removal in order to improve surface quality
via a reduction of the “stepping effect” produced by
the additive manufacturing technologies. Hybridisation can also occur in the opposite direction, in
other words manufacturing using subtractive methods starting with a block before adding, by way of
additive manufacturing, those especially complicated
characteristics which generate high value.
(vi) Optimum usage of materials: material wastage is
reduced to a minimum. Any waste material can be
easily recycled.

(iv) The depositing of layers produces anisotropic materials. Given the fact that many industrial components
are subjected to forces that put the material under
stress and that they are so sized as to use the minimum
amount of material, it is possible that the performance
of the components with respect to the forces they
must withstand while in service results inadequate.
(v) The tolerances obtained using the majority of the
additive manufacturing methods are still higher than
those achieved using other manufacturing methods
such as those based on the removal of material.
3.4. By Sector Innovation with Additive Manufacturing. Both
in innovation and in research, advances are going to be
defined by acquiring new materials, more precise, and less
costly equipment and also by seeking out new sectors for 3D
printing.
An interesting proposal in this field is that presented
by Wong and his team in 2012 [6]. Six sectors are analysed: lightweight machines, architectural modelling, medical
applications, improving the manufacturing of fuel cells, and
additive manufacturing for hobbyist and additive manufacturing in art. We have no doubt that these were the sectors of
innovation five years ago. However, our analyses show us that
nowadays the additive manufacturing sectors where innovation can really be seen are as follows: consumer products,
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Figure 7: The use of additive manufacturing in the different sectors (Wohlers Report 2013).

automotive industry, medicine and medical engineering,
aviation industry, architecture, construction, and food.
The degree to which additive manufacturing is used in
different sectors is shown in Figure 7.
A review of the sectors in which additive manufacturing
is currently used is presented as follows.
3.4.1. Consumer-Electronic Products. This sector uses additive
manufacturing to obtain prototypes and models of a multitude of articles for the home, sports equipment, toys, etc. It is
the number one customer of those additive manufacturing
technologies that enable the direct digital manufacture of
finished components of high geometrical complexity and that
require customisation.
As soon as materials that are both flexible and strong even
when thin become available, it shall be possible to manufacture consumer products such as clothes and footwear using
additive techniques. The deposition of conductive materials
via the printing of passive circuit components such as
resisters, condensers and coils, diodes, organic light emitting
diodes (OLEDs) and circuit interconnections can only benefit
the production of electronic devices and components.
3.4.2. Motor Vehicles. In this sector additive manufacturing is
being used to create prototypes that enable the validation of
engineering processes and, above all, functional and aesthetic
component design processes. The production of finished
parts is not yet a reality, with the technique only being used
in the customising of certain elements in one-off vehicles.
The hope is that the development of new materials and their
application of large, high-speed machines will favour the use
of additive manufacturing in conjunction with the highly
demanding production criteria inherent to this sector.
3.4.3. Medical/Dental. The application of additive manufacturing in the medical/dental sector enables physical 3D
models to be obtained from processed medical images (3D
scans, TAC) for application in different specialist areas.

The use of additive rapid prototyping technologies
enables preoperative planning processes, the production of
prostheses, and the preparation of surgical templates and
guides to be carried out with a higher diagnostic quality and
greater surgical safety in less time and more cheaply than is
possible using conventional manufacturing techniques. In the
case of specific and customised implants optimum planning
of the surgical process and a reduction of operating times has
already been achieved.
We must not omit today’s 3D printing of living cells,
bioprinting, in which a lot of resources are being invested and
which we trust will soon present some very interesting results.
3.4.4. Aerospace. This market requires additive manufacturing to respond to high mechanical and thermal performance
demands, weight reduction, and minimum losses of material
as regards certain components with respect to both polymeric
and metallic materials, primary titanium, and nickel alloys.
The selective sintering of powdered metals has become a
manufacturing, repair, and maintenance solution for certain
components, e.g., turbine blades, as well as for the manufacture of high added value aeronautical tooling.
3.4.5. Architecture. The manufacture of mock-ups and prototypes within the architecture and construction sector was,
and still is carried out on a significant handicraft basis. The
development of assisted design systems, with its resulting
progress towards solid modelling systems and the current
BIM systems with respect to building, has enabled the
production of highly attractive quality digital mock-ups,
infographics, and virtual animation of plans and projects.
However, the same cannot yet be said about the physical
mock-ups obtained from that digital model of the plan using
additive mock-up and prototype construction machines. 3D
printing could well become an essential piece of equipment
in the studios of architects and designers. In Figures 8 and 9,
we can see a number of examples of how these techniques are
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Figure 8: AM applications.

Production

Jewellery (microfusion)

Textiles-fashion

Toys-videogames

Art and crafts

Sport

Figure 9: Another AM applications.

applied and they clearly show the great potential of additive
manufacturing.
3.4.6. Food. Even when the catering industry is incorporating
new 3D printing techniques for food, perhaps it is a good idea
to discuss the advances being made in this field with regard
to the food-health combination, that is, when 3D printing
systems are used to measure out food and structure patients’
diets.

However, naturally, in the field of catering and food in
general, major advances are being achieved, which are already
in operation in prestigious restaurants or in the production of
desserts and sweets.
3.5. By Sector Investigation with Additive Manufacturing. In
the field of research, that is, in the field of the work that is
being carried out today in research centres and universities,
both public and private, there are three approaches
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Figure 10: Example of RepRap machines and parts for replication.

that stand out: materials, equipment, and new fields of
applicability.
In the field of new materials, a lot of progress is being
made on biocompatible materials, compound materials, and
metals, each one within a clearly identified field of development. In these fields, materials with good mechanical
properties are also being sought; however, at the same
time, progress is being made on the development of elastic
materials, which open up a whole range of possibilities for
3D printing that is yet to be quantified.
In terms of new equipment, greater precision and lower
cost are clearly what is being sought after, in order to make
this technology competitive with regard to other conventional technologies.
With regard to the new fields of applicability in which,
without a doubt, great progress will be made over the coming
years in terms of printing metal materials, we resolve the
problem of the dispersion of metallic liquid when it reaches
molten state, and in terms of bioprinting, we develop new
applications with regard to living tissues, not only in bones
and cartilage, where advances have already been made, but
also in other tissues of the human body, including the viscera
and muscles.

manufacture the plastic parts of the copies (thereby making
it self-replicating, Figure 10).
Although we know that the RepRap movement has played
and continues to play a very important role in the development of additive manufacturing, it is interesting to discuss
here that it was not initially accepted by the academic community, as it was considered a subject of minor importance.
Only a few years later the subject was accepted, however not
as a phenomenon in itself, rather under the consideration of
a machine that could replicate itself, something that every
manufacturing professional knows has been possible since
the 19th century, with milling machines.
There is an increasing number of meetings of “experts”
who analyse what the ‘printing’ of physical objects using 3D
printers will represent, which is now being seen as one of
the great industrial revolutions of the next few years, and
there has even been talk of the Third Industrial Revolution.
The #Redada sessions are a meeting that allows users and
professionals to exchange ideas and analyse the possibilities
open to them, as in the case of Video 34, “#Redada 18 Madrid:
The Challenges of 3D Printing”, which features a debate about
the social trends and the aspects related to culture, civil rights,
and technology.

3.6. The RepRap Community and Free Software. In 2004
Adrian Bowyer founded RepRap [5], an open-code initiative
for building a 3D printer capable of printing out most of
its own components, at Bath University. The vision of this
project is to make the manufacture of low-cost distribution
units available to people all over the world, thereby enabling
them to create their own products on a daily basis (see
www.RepRap.org).
As the term ‘Fused Deposition Modelling’ had already
been registered by Stratasys, the RepRap Community has
coined the term ‘Fused Filament Fabrication (FFF)’, which
can be used by anybody without any restriction whatever
(under a version 2 GPL licence). Under these terms and
conditions anybody can distribute and modify the RepRap
machine, but they must respect the modifications made
under this licence [21]. In other words, all changes must
remain in the public domain. As the machine is both free
and open-code; anybody can, without having to pay any fees
whatever, build an unlimited number of copies for themselves
or for anyone else using the selfsame RepRap machines to

3.7. User and Exchange Communities. The social importance
of this technology has been enormous and, as has already
been said, it is developing in leaps and bounds, thereby
enabling engineering students and professionals who specialise in these particular techniques from all over the world
to experiment with their creations and perfect them prior to
the production of full scale versions.
Accessibility to the technology links a series of communities of users and developers who exchange their know-how
and experiences in order to continue perfecting the printing
system and open up new and previously unimaginable fields
in the process.
Alongside this, these communities of users have developed a series of platforms for exchanging existing 3D models
for downloading and printing, thus broaching a far from
ludicrous idea that involves manufacturers making 3D models of ex-catalogue parts of their products available to users.
To a certain extent Google Earth has already done this by
allowing the community of Google Sketch Up users to upload
models of buildings from all over the world in their exact
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location for everybody to enjoy. The fact that the future holds
countless possibilities cannot be too highly stressed. There
are model upload and download banks such as the English
language platform Thingiverse and its Spanish counterpart
Rascomras. Many more exist, and their number increases
by the day, some more creative than others, such as The
Pirate Bay (a community for the downloading of all types of
audiovisual material which has incorporated a new section
for 3D models).
The Clone Wars Projects seek to spread the word about
RepRap technology while at the same time contributing new
designs and innovative research channels, but not so much
along self-replication lines.
A series of workshops have existed all over the world
for a number of years now. Known as FabLabs (Fabrication
Laboratories), they are being promoted by the Center of
Bits and Atoms (CBA) of the Massachusetts Institute of
Technology (MIT), at which a lot of hard work is being
done on this technological revolution in light of the social
changes it is bringing about. They are equipped with a series
of computer-controlled machines “for building (almost)
anything”: 3D printers, laser cutters, CNC (computerized
numerical control) routers and an electronics laboratory
(among many others that vary from workshop to workshop).
Worldwide, with respect to the number of Fablabs Spain
ranks fourth with 7-8 behind the USA, with more than thirty,
The Netherlands (9), France (8), and ahead of Germany (6).

4. Discussion
As has been discussed throughout this paper, additive manufacturing (AM) processes are considered in many applications as a new industrial revolution. This article conducts an
exhaustive study of the current state of additive manufacturing. As is shown in Table 2, the technologies and processes
that currently exist are very diverse and, therefore, producing
a classification that unites and differentiates all of them being
truly complex. Thus, this paper proposes several types of
classifications.
Over recent years, many names have arisen to encompass
these technologies, such as “rapid prototyping”, “rapid tooling”, “3D printing”, and “freeform fabrication”. All of these
are commonly accepted; however, “additive manufacturing”
is probably that which best brings them all together.
The main advantages associated with these technologies
are the high precision, the possibility of using different
materials, and the ability to obtain impossible prototypes
using conventional means. The current limitations include
the high cost of the processes, the time required to obtain
the prototypes, and perhaps the lower resistance they have.
Active work is underway to improve these limitations in order
for additive manufacturing to be competitive with regard to
other more conventional means.
It is important to note that within additive manufacturing
there is no perfect technology for all purposes, rather what we
need to do is to determine the most suitable technologies for
a specific use.
For example, in the dental sector, as is discussed by
Jiménez et al. (2015) [39], in order to manufacture the models
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used in the thermoforming of correction splints, technologies
based on printing by injecting resin (IJP-UV), digital light
processing (DLP), and fused deposition modeling (FDM) are
the most suitable as they offer the best price-quality ratio of
the model for thermoforming.
Among the agents in the aviation market, metal material
additive manufacturing technologies, such as ‘Electron Beam
Melting’ (EBM), ‘Sintering Laser Melting’ (SLM), or ‘Laser
Cladding’ (LC), are those that attract most interest, in particular, for part manufacturing, case of the OEM or Tier1; or for
part repair, case of the ‘Maintenance and Repairing Overhaul’
(MRO). These manufacturing technologies provide many
advantages in comparison with other conventional metal
transformation processes (http://www.ctsolutions.es).
Changing sector, 3D printing of architectural models will
lead to a reduction in the number of steps, an improved
design timeframe, and the preservation of the finer details
of the final architectural design, and therefore its market
niche is on the rise. As discussed by Domı́nguez et al. (2013)
[23], fused deposition modeling machines appear among
the most suitable for obtaining working models, given their
low cost (especially in the case of the RepRap models), the
speed of the process, and the possibility of recycling the
material. Machines projecting binding agent would also be
suitable for obtaining models for the client, thanks to their
competitive prices, good surface finish, wide range of colours,
and lack of support fixtures, among other qualities. Although,
perhaps, the method most used for architecture is printing
via the sintering of composite powder, this material requires a
postprocess to harden it and give it the necessary consistency
and finish for an optimum result (http://sicnova3d.com). In
any case, it is certainly true that, right now, no technology
fully meets all of the requirements of the work specifications
in the field of architecture and construction. Thus, this sector
still has quite a long way to go.
PolyJet technology produces ultradetailed prototypes,
moulds, and even final parts that incorporate smooth rigid,
transparent, and flexible materials, which is why it has
been the technology most used in the jewellery sector
in recent years. Multimaterial 3D printers produce lifelike
models with a variety of properties on a single build tray
(www.stratasys.com). Regarding jewellery, one of the advantages of using 3D printers is speed. The plastic parts take 7 to
10 days to be made, whereas metal parts take 10 to 15 days.
Other positive points include the cost saving and the fact that
it is possible to retouch the jewellery while it is being printed.
4.1. Immediate Future of Additive Manufacturing. In production lines, one of the main focal points for improvement
in additive manufacturing consists of optimizing its features
in order to be competitive with regard to conventional
manufacturing processes in different production lines. In
comparison with the traditional means, the use of additive
manufacturing technologies continues to be too costly.
An important niche for saving in the industrial sector would be the so-called virtual libraries. There is a
large number of fixed assets in all industrial platforms
within what is known as physical replacement parts, spare
parts, etc. Many of these items could be saved by means
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of a virtual parts library (https://www.thingiverse.com/,
http://www.3dprintfilemarket.com/), which could print suitable parts or components as and when required.
Another important section is that of the study of new
materials. Cellulose, the plant material we have used for
centuries to make paper, has emerged as a new resource
for better, faster, and cheaper three-dimensional printing,
in addition to providing an alternative that is recyclable
and biodegradable by nature, according to new research by
the MIT, published in Advanced Materials Technologies. At
present, the key raw material for 3D printing is polymers,
compounds that are largely synthetic and which use inks
to create three-dimensional objects in accordance with the
models via a computer used to execute the three-dimensional
printing (www.imprimalia3D.com).
A particularly interesting field and one for study is that
of the space sector, where additive manufacturing should
also play an important role. The National Aeronautics and
Space Administration of the US (NASA) is seeking a habitat
design built using a 3D printer that can be used as a base to
build houses on the surface of Mars. The final objective is to
achieve a space design that allows astronauts to stay on the red
planet for long periods at a time. Different projects are being
carried out to conduct research on materials and explore the
possibilities of 3D technology, which would mean many of the
necessary infrastructures could be directly built on the Moon
using, moreover, resources that are already there. This would
speed up this large undertaking, as it would notably reduce
the amount of parts that would need to be taken to the Moon
and then later to Mars. 3D technology and the use of resources
may help reduce costs both in the long and in the short
term.
4.2. Connected Industry: Future Prospects of Additive Manufacturing in the 4.0 Environment—A Study Is Conducted on the
Possibility of Positioning Additive Manufacturing in a Service
Environment. The term Industry 4.0 was coined to describe
the smart factory, a vision of computer-aided manufacture
with all of the processes interconnected through the Internet
of things (IOT). It is what we know as the industrial Internet
of things, I2OT.
It is hoped that the new concept of industry 4.0 will
be able to drive forward fundamental changes on the same
level as the steam-powered first industrial revolution, the
mass production of the second, and the electronics and
proliferation of information technology that characterised
the third.
According to Mark Watson, associate director for the
industrial automation of IHS, “The challenge for the fourth
industrial revolution is the development of software and
analytical systems that turn the deluge of data produced by
intelligent factories into useful and valuable information.”
Factories with fully computerized production processes
are better prepared to respond faster to changes in the market,
as they have integrated greater flexibility and individualization in their manufacturing processes.
However, in order to obtain real improvements in manufacturing efficiency and flexibility, manufacturers must be
able to manage and analyse large amounts of data, the biggest
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challenge of which will be regarding software. Companies
should implement Big Data systems capable of managing
large amounts of data from the manufacturing environment
and conducting an intelligent real-time analysis, providing
valuable information for decision-making, thus optimizing
the processes and increasing business intelligence.
Industrial companies have to take the technological leap
to Industry 4.0, in the field of additive manufacturing. The
concepts and experiences being accumulated in companies
and research institutes need to be passed on to companies
by means of guided visits to leading facilities, induction and
practical training, guided training, diagnosis, specific advice,
testing, and prototypes.
Why should additive manufacturing be introduced in
companies in a connected industry setting? The answer is
simple: because the following can be achieved:
(i) Creative product design
(ii) More customised products with high quality and
performance
(iii) DDM (demand driven manufacturing) with less
waste generated and efficient use of energy
(iv) Internet (EICTs in general) as a tool with a high
potential to support new supply chain models
(v) The consumer as designer and “customiser”
(vi) Additive manufacturing as enabling technology
4.3. Additive Manufacturing and B2C/B2B. The majority of
the work on systematizing and disseminating sales experience and on the techniques, methods, texts, and sales
and marketing courses focuses on selling to the consumer,
what we call B2C (Business-to-Consumer). However, the
volume of business generated by sales to other companies,
B2B (Business-to-Business), is much higher, not to mention
complex and different.
Additive manufacturing can take the shape of a service
activity and, therefore, it needs to adapt to ensure that the
companies that are willing to provide this service obtain
higher growth and profitability on sales to other companies
and organizations and also on sales to the consumer, taking
into account the final destination of the additive manufacturing service.
The current problem is that there is no vertical platform
that organises the advanced manufacturing technologies and
customised manufacturing based on additive manufacturing
(3DP.)
Current service providers partially facilitate the transaction for 3DP solution companies. It must be ensured that
additive manufacturing is on the cloud as a reliable service
based on the fact that clients manage the details of their
manufacturing project in real time: material, size, delivery
time, quality, price, location, and catalogue payment (direct
e-commerce selection), by means of a quotation or offer.
A global platform must be configured as a network of
3DP services: marketplace for B2B vertical offering (Figure 1).
The service portfolio should be built around the following
activities:
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Business model: marketplace, all agents, all orders (large
series focus), matrix selection, web location, and real-time
all-agents capacity management.
(i) Market: B2B focus (could do B2C), KPI-customised
orders.
(ii) Value Chain: global E2E services to B2B vertical
clients.
(iii) Technology: E2E open API connecting in real-time
clients and provider’s ERP.
(iv) Product: Manufacturing and high quality / high
definition.
(v) Expertise: Institute 3DP: industry, research centres,
universities ecosystem.
However, the development of additive manufacturing does
not stop there; the following step was what is now called
“bioprinting”, which is the printing of cells and living tissues
[38, 50]. The interest in this is mainly due to the shortage of
organs available for transplant and the possibility of avoiding
rejection if the organ required can be successfully printed
using the individual’s own cells. Nevertheless, its use is very
important in research on new drugs in order to reduce the use
of laboratory animals.
3D printing of living cells usually requires the deposition
of cells and also the deposit of the support element or matrix.
This matrix, the place where the cells are going to grow, where
nourishment will be found and on which the structure is to be
formed, may be liquid, usually called bioink, paste-like, rigid
solid, or elastic solid. Also, solid materials in particular may
or may not be biodegradable [51].
The issue of biodegradation is an added factor in this
technology, as if this biodegradation occurs too quickly; we
will not obtain the desired results; however, if it occurs too
slowly, there is a possibility that the structure will prevent the
development of the cells and so, in the end, we will not obtain
the desired results this way either. This is why bioprinting is
currently the focal point of the majority of research projects:
it is anticipated that bone regeneration, printing different vital
organs, printing human skin, etc., will be functionally viable
in the near future, as prostheses currently are.

5. Conclusions
(i) Conventional manufacturing is mainly limited by
production run size and the geometrical complexity
of the component, and we are occasionally forced
to use processes and tools that raise the final cost
of the element. What is more, some manufacturing
processes do not comply with a commitment to sustainable manufacturing (contamination, recycling,
etc.).
(ii) Additive manufacturing is one of the key tools for
tackling the growth and the creation of added value
and high quality employment.
(iii) Conceptually, the term ‘additive manufacturing’
describes the technology in general and it is used
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when referring to industrial component manufacturing applications and high-performance professional
and industrial equipment. Other terms exist, with the
best known being “rapid prototyping and 3D printing”,
in accordance with the scope of the model and the
type of additive machine used.
(iv) Additive manufacturing techniques provide huge
competitive advantages because they adapt so well to
the geometrical complexity and the customisation of the
design of the part to be manufactured. The following
can also be achieved in accordance with the sectors
of application: lighter weight products, multi-material
products, ergonomic products, short production runs,
fewer assembly errors resulting in lower associated
costs, lower tooling investment costs, a combination
of different manufacturing processes, optimum use of
material, more sustainable manufacture.
(v) Even though this type of process began as a new
independent technology, nowadays additive manufacturing is a manufacturing system more, comparable to others such as subtractive manufacturing or
foundry. Therefore, the protocols for the classification
of additive manufacturing processes do not have to be
different from those applicable to other manufacturing systems.
(vi) The drawbacks are: the finish of complex surfaces can
be extremely rough, long production times, materials
with limited mechanical and thermal properties which
restrict performance under stress, higher tolerances
than with other manufacturing methods such as those
based on material removal.
(vii) The study variables habitually taken into account
when choosing the prototyping technology are:
resolution-precision, the mechanical and thermal properties of the material, surface finish, production time
and the cost of the prototype.
(viii) The manufacturing precision is the result of superimposing different errors in the production of the model
which affect the surface quality, the dimensional accuracy and the final weight of the model. The errors that
occur in this process are: an error in the conversion
of the 3D model into STL format (triangulation of
the geometry), an error in the decomposition in
layers of the 3D model (exact division of the thickness), stepping effect error (orthogonal deposition
of the material by layers) and, finally, model infill
error.
(ix) Three-dimensional models with an aesthetic (visual)
or assembly objective and functional models capable
of withstanding mechanical testing can be achieved.
(x) Additive manufacturing can be applied across many
sectors and it can be easily adapted to the demands of
each of them.
(xi) Design and printing using 3D printers is seen as being
one of the major industrial revolutions of the nest
few years. Proposals exist for making the manufacture
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of low-cost RepRap distribution units available to
people all over the world via communities of users
and developers who exchange 3D models, know-how
and experiences for optimising the manufacturing
performance of a self-replicating 3D printer.
(xii) It still seems puzzling that the first scientific publications relating to the important movement that is
additive manufacturing came to light several years
after the development of the first inventions, the first
patents and even the first commercial communications on the advance.

(xiii) It is also strange that the RepRap movement did not
gain ground in academic environments at the beginning, and only found its niche when the movement
was justified as “machines that can replicate themselves” when, as is known in technical environments,
there were already milling machines available more
than one hundred years earlier that were able to selfreplicate.
(xiv) The choice of technology is directly dependent on
the particular application being planned: first the
application, then the technology. Laser systems are
being increasingly used, especially in the field of
finished part production. In the future, the use of print
technology systems is going to increase by the day.
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The current trend of international integration urges every business organizations to continuously improve their competitive
advantage for their survival and sustainable growth. And Kaizen has been a preferable approach in practice. Due to the special role
of SMEs in the Vietnam economy, improving their competitiveness is critical. Thus, this study is aimed at identifying determinants
of the successful Kaizen implementation and sustainable performance so that SMEs can have proper actions and prioritize their
operations within their available resources. Through a formal survey of 213 participants from 62 SMEs which have been successful in
implementing Kaizen and appropriate statistical analyses, seven important determinants have been identified, namely, (1) supports
from senior management; (2) training; (3) environment; (4) assessment; (5) motivation; (6) mindset; and (7) engagement of
all members in the organization. Among them, “mindset” is newly proposed in this study through a qualitative research and
found as crucial component in the model. The finding obviously fulfills the existing literature. Moreover, the first letters of the
identified factors are orderly congregated as “STEAM-ME” which is a novel model for the successful Kaizen implementation and
the sustainable performance of SMEs in Vietnam. “STEAM-ME” implies that organizations need to have a new airflow as “steam”
to make all of its members refreshed and brimful of energy to gain significant success in implementing Kaizen, and improve their
business performance as well as competitive advantage for their sustainable development. Notably, the novel model can efficiently
demonstrate organic relationships among its components which all have positive and significant impacts on the successful Kaizen
implementation and sustainable performance of SMEs in Vietnam.

1. Introduction
Nowadays, the inevitable globalization has offered several
opportunities and many challenges to almost every business
organization. Thus, being competitive on the marketplace
is critical for their survival and sustainable growth [1].
To improve their competitiveness, different businesses may
have different strategies; among them, continuous improvement for operational excellence has been preferably used in
practice [2, 3]. However, applying the Kaizen concept for
continuous improvement has been an attractive choice [4–
6] because it significantly helps to increase quality, improve
level of efficiency, and reduce waste and production cost
for business excellence [7]. Thus, Kaizen is one of the most
common “Japanese business terms” [8]. The Kaizen approach
has been successfully implemented in different industries

in several countries regardless of business sectors. Homma
[9] and Costa & Filho [10] pointed out that Kaizen can
be effectively used not only for industrial development but
also for productivity improvement in public services and
utility management such as energy or healthcare; or nonfirm-related use; or even the improvement of environmental
performance [11–13]. The applicability of Kaizen and its
practical benefits in terms of inventory reduction, customer
satisfaction, lead time, and waste reduction, etc. have been
validated by different researchers worldwide, such as Chahal
et al. [14], Marodin et al. [15], Gupta et al. [16], Belekoukias
et al. [17], Fullerton et al. [18], Ingelsson & Mårtensson [19],
Prashar [20], Teehan & Tucker [21], and Dora et al. [22].
Consequently, Lozano et al. [8] concluded that Kaizen has
economic and environmental implications because it closely
relates to organizational systems and business strategies
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Table 1: Criteria in identifying types of SMEs in Vietnam.

Areas
Agriculture, forestry,
aquaculture,
industry and
construction

Trading and Services

Criteria
No. of employees
(e)∗
Total capital (BV)∗∗
Annual revenue
(BV)∗∗
No. of employees
(e)∗
Total capital (BV)∗∗
Annual revenue
(BV)∗∗

SME types under Decree 39/2018
Micro
Small
Medium
≤ 10

≤ 100

≤ 200

≤3

≤ 20

≤ 100

≤3

≤ 50

≤ 200

≤ 10

≤ 50

≤ 100

≤3

≤ 50

≤ 100

≤ 10

≤ 100

≤ 300

SME types under Decree 56/2009
Micro
Small
Medium
≤ 10

≤ 10

≤ 200

≤ 300

≤ 20

≤ 100

≤ 50

≤ 100

≤ 10

≤ 50

Notes: ∗ employees; ∗∗ Billion Vietnam Dong.

by engaging all levels of management and employees for
continuous improvement.
On the other hand, the important role of small and
medium enterprises (SMEs) in most socioeconomic activities
has been well recognized globally; thus, it is one of the
common topics discussed in multilateral cooperation forums
and meetings, such as Asia-Pacific Economic Cooperation
(APEC), Organisation for Economic Cooperation and Development (OECD), Asia–Europe Meeting (ASEM), and Association of Southeast Asian Nations (ASEAN) [23]. Especially,
its importance is further affirmed in APEC 2017 as it is
one of their four key priorities, “Strengthening Micro, SMEs’
Competitiveness and Innovation in the Digital Age”.
In Vietnam, the number of SMEs accounts for about
97.5% of 561,064 enterprises of all types operating in Vietnam
[24]. The new definition of SMEs has been issued in Article 6
of Decree No. 39/2018/ND-CP by the Government and comes
into effect since March 11th, 2018. SMEs can be classified into
three categories depending on two criteria: (1) annual average
number of employees contributing Social Insurance (No. of
employees) and (2) annual revenue or total capital registered.
These criteria are somehow different from previous Decree
56/2009/ND-CP. Table 1 briefly presents details of these
categories mentioned in the two Decrees.
Practically, SMEs not only contribute over 40% of
national GDP and 17.26% of the annual national budget but
also employ more than 50% workforce [23]; consequently,
SMEs are an important contributor to the development of
Vietnam economy. Comparing between 2017 and 2016, we
found that the number of medium enterprises increased
by 23.6%, small ones increased by 21.2%, and micro ones
increased by 65.5%. But there were also more than 60,660
enterprises bankrupted in 2016 [23], indicating that SMEs
are vulnerable in the competitive marketplace and current
economic context due to their limited resources and capacity
[25].
However, with the small and medium business scale,
SMEs have their advantages in flexibly renovating themselves
and adopting new management approaches as well as easily
adapting to the changes in their business environment.
Therefore, when advanced management approaches such as

Kaizen and 5S are introduced, they are always willing to learn
and apply as much as they can to improve their operational
efficiency, effectiveness, and productivity [25]. In the current
context of international integration, the improvement has
become notably mandatory since the introduction of ASEAN
Economics Community (AEC) in 2015 because the free
movement of goods, services, and investments as well as
freer flow of capital and skills among the ASEAN countries
results in more intensive competition on the marketplace.
In such competitive environment, providing good products/services at reasonable prices becomes critical to the
survival and growth of the enterprises. And Kaizen has been
considered as an effective tool to improve the productivity, cost-effectiveness, profitability, efficient use of capital,
reduction of operating time, and competitive advantage
[26].
Kaizen has been well transferred to Vietnam since early
1990s. Over the years, more and more companies located
throughout Vietnam are trying their best to implement
Kaizen in their operations. Though there are some differences
in the practical implementation of Kaizen among Japaneseowned companies, Japanese-joint companies, and foreign
and local ones, many of them have well recognized the importance of Kaizen for their development. From the training
workshops on Kaizen organized in Vietnam, practitioners
find that Kaizen approach is suitable to be widely applied
across the industrial enterprises in Vietnam because it is
considered simple and inexpensive. However, its practical
implementation is actually more complex than expected.
Consequently, some of them fail to implement Kaizen in their
companies but some with successful implementation have
gained significant benefits in terms of increased efficiency and
productivity. Therefore, this study is aimed at identifying key
determinants of the successful Kaizen implementation and
their impacts on the sustainable performance to encourage
more and more SMEs in Vietnam to effectively deploy Kaizen
approach to improve their competitiveness.
The rest of this paper is organized as follows: Section 2
reviews relevant literature about Kaizen and organizational
performance as well as key factors affecting them before
research hypotheses and model are proposed in this study.
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Methods used for data collection and data analysis are
explicitly presented in Section 3 while empirical results
are explained in Section 4. Section 5 provides detailed discussions and managerial implications departed from the
obtained results. Conclusions make up the last section.

2. Literature Review
To achieve the above-mentioned research objectives and
support the following analyses and discussions, this section
will present some key terminologies, such as “Kaizen” and
“sustainable performance”, and cover some fundamental
literature about (1) sustainable performance of an organization; (2) briefs about Kaizen; (3) Kaizen implementation
and measures of successful Kaizen implementation; (4)
relationship between Kaizen implementation and organizational performance; and (5) factors affecting the success of
Kaizen implementation. Through such presentation, research
hypotheses and research model investigated in this study are
accordingly proposed.
2.1. Sustainable Performance. Organizational performance
refers to the extent to which an organization succeeds or
achieves its objectives and strategies [27]. Proper management of performances helps organizations to effectively
capture their current situation, monitor their progress in
achieving their goals, and identify latent causes obstructing
their success [28]. Current context of fierce competitive
marketplace urges organizations to strive for their longterm development through “sustainable performance” which
is differently defined by different scholars. For example,
Artiach et al. [29] defined it as the degree to which an
organization incorporates its concerns in terms of profit,
environment, people, and governance into its operations for
ultimate impacts on the organization and society, whereas,
Stanciu et al. [30] defined it as the ability of organizations
to satisfy the needs and expectations of their stakeholders
based on long-term, balanced, and effective management
with proper awareness of their staffs through their learning
and applying of improvements and innovations; UBS [31]
claimed that sustainable performance focuses on long-term
and consistent benefits to stakeholders.
Literally, sustainable performance and sustainability have
been interesting topics in different research areas as found in
[32–38]. Several researchers, such as Long & Nguyen [39],
Norazlan et al. [40], Moldan et al. [41], and Schoenherr
[42], agreed that the sustainable performance is measured
with three dimensions, namely, (1) economic performance,
defined as the extent to which an organization improves its
operations, market, and financial results; (2) environment
performance, defined as the extent to which an organization
improves its control of pollution and its resource efficiency;
and (3) social performance, defined as the extent to which
an organization improves its practical outcomes related to
its employees and community. Considered as the key pillars
of triple bottom line theory, balancing these dimensions is
critical to improve organizational competitive advantages
[43].
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2.2. Briefs about Kaizen. As human always wants to become
better and better, consistent improvement is a fundamental
need. Searching for ways to improve business operations led
to the term “Kaizen” which combines two separate words:
“Kai” (change) and “Zen” (good/better). Thus, “Kaizen” is
commonly understood as “change for the better” or “continuous improvement” [26, 44], “a philosophy guiding individuals and organizations to do better achievements in the long
term” [45] or “self-sacrifice for everyone’s betterment”. Over
the last 30 years, the term “Kaizen” has become a popular
management concept in the 21st century [45–47]. Kaizen can
be used in all aspects of life, including business organizations
[48, 49]. Nowadays, Kaizen is considered as grand-scale,
companywide, daily, and everywhere improvement made by
everyone. Fundamentally, Kaizen is aimed at transforming
work area and developing employees for specific targets in
an escalated timeframe [49–51] by using cross-functional
teams, training employees, and rotating jobs [51, 52] so
that the workforce can be subtly controlled to avoid latent
conflicts with the management [50]. According to Lemma
[26], Kaizen is a firm-level process working as a strategic
tool to improve the productivity in manufacturing firms. It
is actually the core of “monozukuri” which means “making
things” to satisfy customers. By focusing on three areas for
improvement, namely, Muda (waste), Mura (discrepancy),
and Muri (strain), if implemented correctly, Kaizen is a donor
to make employees have more positive attitude towards their
work and enhance the self-esteem and the awareness of
their responsibilities towards their workplace, their working
processes, and ways to improve them because they are always
encouraged to share their ideas to make the existing standards
better [52].
Practically, Kaizen is a process-oriented method to make
small, immediate, and incremental improvements in work
standards generated repeatedly by workers [44]. Thus, Kaizen
mainly asks for the engagement of all members in the
improvement effort [48, 53], and there is no need for a huge
capital investment nor an enormous preparation at one time.
According to Lozano et al. [8], Kaizen philosophy is based on
three pillars: (1) preventing waste, (2) organizing workplace,
and (3) making things standardized. Therefore, according
to Jurburg et al. [54], Kaizen is an effective tool to (1)
cheaply abolish or lessen hidden costs resulting from undue
waste; (2) improve operational performance in terms of highquality products, low production cost, and short service time;
(3) optimize operations with minimum downtime which
is irrecoverable [55]; and others. Consequently, Kaizen is
considered as a good strategy for any organization to improve
its competitive advantages.
2.3. Kaizen Implementation and Measures of Its Success
2.3.1. Kaizen Implementation. Kaizen is a companywide process which involves all people from high-level management
to front-line employees. The former provides commitment
and supports to motivate the latter who directly performs
the “continuous improvement”. In implementing Kaizen
in practice, a Plan-Do-Check-Act (PDCA) cycle is usually
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used to deal with not only unit-functional but also crossfunctional problems in their operations. Specifically, areas
for improvement must be firstly identified (planning phase)
before corrective actions are taken (doing phase). In the
doing phase, also called the Kaizen implementation, several
techniques such as 5 Whys [56] and Value Stream Mapping
(VSM) [57–59] can be used to fully capture the root causes
of the problems, for example, the quality level, scrap/rework
rate, layout performance, and amount of certain resources
used in each stage of the process. From the identified causes,
proper improvement solutions should be considered and
accordingly implemented.
In the checking phase, we need to closely monitor the
impacts of the Kaizen solutions on the detected problems
and determine whether positive results can be observed
as expected. If the solutions are satisfactory, in the acting
phase, we should formally set the Kaizen activities as new
standards and move forward; otherwise, an adjustment in
terms of solutions, implementing methods, etc. should be
reconsidered in the next cycle. Once Kaizen is successfully
implemented in an organization, innovation becomes its
cutting-edges in strengthening its competitiveness, and the
Kaizen activities should be standardized and turned into
permanent tasks in their processes [26].
Literally, Kaizen is a slow and long-term process of
changes rather than a sudden intervention [60]. Implementing Kaizen should first begin with reviewing the existing
processes and identifying areas for improvement before
providing proper training, tools, and structure to employees.
Then, employees are encouraged to become aware of all
possible problems in their daily operations and think about
feasible improvement solutions. Gradually, they likely take
their mental ownership of their individual processes; finally,
they consider improving the processes as a critical part of
their responsibility.
Though the Kaizen principles are quite easy to be fully
understood, there are still several challenges in its implementation in practice due to the difficulties in managing Kaizen
activities [61–64]. Several obstacles have been found, such as
resistance to change among mature workers, the abstraction
of “continuous improvement” concepts [65], the absence
of compensation or reward, lack of proper training for
employees and long delays in getting suggestions processed
[66], lack of resources to run Kaizen activities, lack of focus
due to business pressure and lack of understanding of the
need to change [64], lack of knowledge, and poor employee
participation [22]. Thus, innovation and education are key
components in Kaizen implementation [12].
2.3.2. Measures of Successful Kaizen Implementation. Though
there have been several studies in identifying factors affecting the success of Kaizen implementation, there are a few
effective approaches to measure the overall success. For
instance, “Overall Equipment Effectiveness” (OEE) proposed
by Nakajima [67] focused on equipment utilization while
Domingo & Aguado [68] proposed a more comprehensive
metric, “Overall Environmental Equipment Effectiveness”
(OEEE). However, through group discussions with leaders
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from six SMEs successfully implementing Kaizen, they failed
to deploy OEEE in measuring the success. Thus, further
discussions were conducted to explore what measures should
be used. Based on the qualitative research, there are four
measures suggested: (1) effective usage of existing resources
(including space utilization) for incremental and continuous
improvement; (2) increased efficiency by optimizing operations and processes with properly arranged layouts of work
area and work flows to minimize superfluous movement
or operations as well as production costs; (3) safer, cleaner,
and better-organized working environment perceived by relevant stakeholders; and (4) positive mindset of “continuous
improvement” among employees. The improvement level of
these measures is evaluated in 5-Likert scale as explained in
Section 3.
2.4. Relationship between Kaizen and Sustainable Performance. Several scholars worldwide have made special efforts
to promote the benefits of Kaizen across different countries. Existing researches from different industries clearly
show that successful implementation of Kaizen brings several benefits, including reducing scraps, reworks, inventory,
unnecessary movement, production lead time, and failures
in tools/machinery and improving product quality, productivity, delivery, floor security and safety, employees’ motivation, responsibility, cross-communication, and teamwork,
among others [69, 70]. Therefore, Kaizen helps a business
firm to satisfy its stringent customers’ requirements and
expectations, gaining more trusts from its stakeholders, and
boosting its competitive advantages through the increase
in customer satisfaction, employee satisfaction, productivity,
and financial performance [71]. Moreover, as public are
paying more and more attention to environmental protection
and social impacts, successfully implementing Kaizen will
help organizations to achieve “green attributes” which were
found to have positive and direct influence on business
performance of industrial manufacturers [72]. Consequently,
successful Kaizen implementation helps to sustain organizational performance [40, 73].
2.5. Factors Affecting the Success of Kaizen Implementation.
Existing literature shows that there are a number of factors
affecting the success of Kaizen implementation. For example,
an open working environment that allows effective crosscommunication and encourages innovation is critical for a
better understanding between management bodies and their
employees as well as the sharing of improvement ideas for
easier and faster processes based on their practical experience [74–76]. In addition, strong commitments from top
management in implementing Kaizen with clear approaches,
strategies, policies, and targets also play significant roles
in sustaining improvement actions [64, 74] and building
Kaizen culture because they help to effectively support, direct,
and allocate relevant resources [77]. In particular, this study
conducted a thorough search of more than 200 research
reports published in the last two decades on key databases
such as ScienceDirect, Elsevier, EBSCOhost, Springer, and
Emerald. For brevity, only some reports cited in main texts
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are listed in the References while many others are listed in
Appendix I. The search well gives the rational validation to the
six key affecting factors presented in Table II.1 (Appendix II).
Similar approaches can be found in [70, 78–81]. The identified
determinants are clarified in the following subsections.
2.5.1. Supports from Senior Management. As continuous
improvement is the core of Kaizen, senior leaders must act
as the most vital driving force to make the improvement
process effectively implemented with their strong supports
to ensure the full and active participation of every member
[54, 82]. Such supports, including spiritual and physical ones
as well as necessary resources allocated, can be expressed in
verbal or written commitments, statements, policies, plans,
or even direct involvement in following up the progress of
Kaizen and related practical activities [47, 74]. The supports
and commitments should be well formulated and effectively
articulated as a motivational factor for employees to perform
better [83] and more engage in the continuous improvement
[51]. Further evidence of this factor can be found in [81, 84–
86]. It is found that such involvement from senior leaders
is the most fundamental factor affecting the success of
continuous improvement programs [87–89].
With this factor, the following hypotheses will be investigated:
(i) H1: Support from senior management has positive
impacts on the successful Kaizen implementation.
(ii) H2: Support from senior management has positive
impacts on the sustainable performance.
2.5.2. Training. Literally, the importance of training and
education for the success of Kaizen has been well validated
by several scholars worldwide [52, 74, 90, 91] because it
is critical for not only providing “need-to-know” basis but
also consolidating human development and changing the
employees’ mindset [92]. According to Soltero & Waldrip
[93], Kaizen training should be first provided to managers/
supervisors/leaders of all levels because they not only focus
on soliciting proposals but also act as “bellwethers” in the
journey for successful Kaizen implementation. Therefore,
such training helps them to (1) clearly understand the philosophy; (2) realize positive outcomes of Kaizen implementation
for their better reinforcement and engagement; (3) know how
to motivate and elicit active participation of their employees;
and (4) lead the whole process of continuous improvement.
Moreover, through on-the-job/off-the-job training and
proper schemes for job rotation or relocation, organizations
gain certain benefits from innovative suggestions/ideas of
their employees [94, 95]. Importantly, the training not only
equips the employees with new skills and updated knowledge
but also raises their awareness of continuous improvement
[96] and sense of belonging [97]. In addition, there is a statistically significant relationship between employee training and
employee motivation [98, 99] as well as employee engagement
[100–103].
With this factor, the following hypotheses will be investigated:
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(i) H3: Training has positive impacts on the successful
Kaizen implementation.
(ii) H4: Training has positive impacts on the sustainable
performance.
2.5.3. Environment. Realyvásquez et al. [104] also pointed out
that environmental elements such as air quality, humidity,
temperature, noise, lighting have significant impacts on
workers’ psychological characteristics and their performance
whereas Day & Randell [97] claimed that a healthy working environment is one of the cores of Kaizen philosophy
because it positively results in significant increase in employees’ commitment, retention, stakeholders’ satisfaction, and
firms’ financial performance. In addition, working environment strongly affects organizational productivity [105] and
employee satisfaction [106–108], leading to an increase in
overall performance. Hence, a good working environment
in terms of openness, cleanliness, tidiness, social interaction,
interpersonal relationship, group norms and values, organizational structure, etc. makes employees self-motivated and
concentrated to their work with better behavior, attitude, and
productivity [109].
Similarly, Liker & Franz [110] and Soltero & Waldri
[93] pointed out that Kaizen implementation needs a democratic working environment in which open communication,
creativity, innovation, and improvement proposals among
employees are appreciated and encouraged. Aguado et al. [111]
claimed that innovation is the best approach to efficiency and
sustainability. As such, Stadnicka & Sakano [112] suggested
that organizations should create a friendly working environment and build their culture of continuous improvement for
their successful Kaizen implementation.
With this factor, the following hypotheses will be investigated:
(i) H5: Environment has positive impacts on the successful Kaizen implementation.
(ii) H6: Environment has positive impacts on the sustainable performance.
2.5.4. Assessment. As discussed above, training is mainly
aimed at changing people’s behavior. To have an effective
training program, Gravells [113] proposed a training cycle
with five stages: identifying needs, planning and designing,
delivering, assessing, and evaluating. Among them, assessing
training needs and effectiveness of training program as well
as increase in employee performance/ability/skills/attitudes
in their work is a critical task [114–116]. Therefore, employee
assessment must be done before the training, in the training,
and after the training so that we can have necessary actions to
improve the performance of the whole system. Importantly,
such assessment provides useful information to evaluate the
effectiveness of the training program and to design future
ones better.
Nonetheless, in order to ensure the success of Kaizen
implementation, regularly assessing the improvement of
work ergonomics (employee productivity, efficiency, attitude,
etc.) and working environment (vibrations, noise, internal
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air pollution, microclimate, radiation, dustiness or energy
expenditure of the worker, etc.) is critical [117]. Such regular activity is of great help in taking prompt corrective
actions if needed to properly adjust relevant processes and/or
approaches to achieve certain specific targets.
With this factor, the following hypotheses will be investigated:
(i) H7: Assessment has positive impacts on the successful
Kaizen implementation.
(ii) H8: Assessment has positive impacts on the sustainable performance.
2.5.5. Motivation. In the field of organizational behavior,
there are two key components of job motivation: intrinsic motivation and extrinsic motivation [118, 119], which
urge employees to accomplish their personal and organizational goals [120–124]. And there are several motivation
approaches, including salary and benefits [125–128], rewards
and recognition [129–131], career promotion [132–137], and
empowerment [129, 138–141]. Motivation approaches should
be carefully considered and selected in line with required
improvements [142, 143].
In the current context of fierce competition on the marketplace, motivated and engaged employees are usually considered as invaluable asset and competitive advantage of an
organization [144]. And, employee motivation is a key determinant of organizational success [145] because motivated
employees tend to foster a creative working environment
[146–148] and accept changes for better [146], resulting in
increased profitability [149], higher customer satisfaction and
loyalty due to better customer service [150, 151], and improved
organizational competitiveness [152]. Besides, it is also found
that motivated workforce usually (1) think creatively and
proactively [153, 154]; (2) have higher job satisfaction [155–
157]; (3) perform better [151, 158, 159]; (4) have higher life
satisfaction [160, 161]; (5) have higher productivity [150, 162];
and (6) are more diligent and loyal [163–165]. As such,
employee motivation is one of the key determinants for the
success of Kaizen implementation [63, 86, 166–169].
With this factor, the following hypotheses will be investigated:
(i) H9: Motivation has positive impacts on the successful
Kaizen implementation.
(ii) H10: Motivation has positive impacts on the sustainable performance.
2.5.6. Mindset. This factor is newly proposed in this study
through a formal qualitative research as presented in
Section 3. In this study, the term “mindset” refers to that of
all management levels and employees. Literally, Dweck [170]
defined a mindset as the views a person adopts for himself/herself. Such views, including personal assumptions and
expectations, significantly affect his/her usual behaviors and
relevant responses to his/her daily affairs. Besides, Thomas
et al. [171] defined employees’ mindset as their attitudes,
behaviors, and practices which shape the way an organization

approaches and executes its strategies. There are two major
types of mindset: fixed mindset and growth mindset [170].
The growth mindset is more important because it provides
more benefits in terms of creating resilience [172–174],
tenacity [172], improving collaboration, communication and
engagement [174], and increasing motivation for learning and
developing [175]. However, relationships between mindset
and successful Kaizen implementation as well as sustainable
performance are left unsolved in the current literature. Therefore, investigating its impacts is one of the key contributions
presented in this study.
With this factor, the following hypotheses will be investigated:
(i) H11: Mindset has positive impacts on the successful
Kaizen implementation.
(ii) H12: Mindset has positive impacts on the sustainable
performance.
2.5.7. Engagement. To ensure the success of Kaizen implementation, several studies have claimed that all management levels and employees should proactively engage in the
journey towards operational excellence through continuous
improvement. The engagement from management levels
closely relates to their supports and commitments. And that
from employees should be further examined. According to
Takeuchi et al. [176], employees in Toyota are appreciated
as a source of knowledge and wisdom of experience; thus,
they should engage in the continuous improvement process.
Practically, there have been several different definitions of
employee engagement in the field of organizational behavior,
but generally it is all about how employees stay either
emotionally, cognitively, or physically connected with their
organizations [177–179]. Anitha [102] claimed that employee
engagement is critical for an organization to gain not only
useful business performance results but also competitive
advantages over its rivals. It is because engaged employees
help organizations serve customers better in terms of satisfaction, loyalty, productivity, and profit [180]. Moreover, they
tend to be more satisfied with their jobs, committed, and loyal
to their organizations [181] because they believe that they
constitute a part of the organization [182]. Siddhanta & Roy
[183] found that engagement makes employees more motivated and committed; thus, it positively affects organizational
performance [182, 184–193]. Hence, engaged employees tend
to proactively and enthusiastically participate in assigned
activities with their full responsibilities.
To improve employee engagement, Marinova et al. [194]
suggested that companies build different incentive systems
and continuous improvement programs so that employees
become satisfied and motivated with their jobs. Stadnicka &
Sakano [112] claimed that active participation of all members,
including management and employees, is critical for the
success of continuous improvement/Kaizen implementation
of an organization.
With this factor, the following hypotheses will be investigated:
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Figure 1: Proposed research model.

(i) H13: Engagement has positive impacts on the successful Kaizen implementation.
(ii) H14: Engagement has positive impacts on the sustainable performance.
Moreover, with the relationship between Kaizen and
sustainable performance of organizations presented in
Section 2.4, this study will also investigate the following
hypothesis:
(i) H15: Successful Kaizen implementation has positive
impacts on the sustainable performance.
Thus, the research model proposed in this study is visually
presented in Figure 1.

3. Research Method
This research is conducted in three main phases as explained
in the followings.
3.1. Phase 1: Questionnaire Design. This initial phase is
aimed at constructing a complete questionnaire for a formal
survey. From the exhaustive literature review mentioned
in Section 2.5, a list of six determinants, namely, support
from senior management, training, environment, assessment, motivation, and engagement, is created and then used
to conduct a qualitative research to validate the relevance
of the factors and explore other prospective ones. The qualitative research invited seven experts from two companies
which have successfully implemented Kaizen in Dong Nai
and Binh Duong. Among the seven, two are working as
director and vice director, three working as managers of their
warehouses and production departments, and two working
as Kaizen leaders. Their practical experiences from such
positions would provide clear insights into these factors as
well as suggesting possible measures for the success of Kaizen
implementation in their cases.
From the initial interviews, they not only agreed about the
relevance of the six listed factors but also proposed a new factor named “mindset of all personnel in an organization” to be
considered in this study. The importance of this newly added
factor has already been discussed in Section 2.5. Moreover,
they also provided some key measures of a successful Kaizen
implementation as discussed in Section 2.3.2 above. These
inputs were carefully considered in the design of primary

survey questionnaire which was then used in a pilot test to
evaluate the lucidity of each surveyed statement in terms
of meaning and word usage. Four participants from top
management levels of other two companies located in Ho Chi
Minh City joined the pilot test. Their feedback was carefully
checked and integrated to refine the questionnaire for an
official survey. The final version consists of three major parts:
(1) Seven independent factors are composed of 34
observed items. The participants were asked to evaluate the importance level of each item on a 5-Likert
scale towards the success of Kaizen implementation
in their organizations, where 1 indicates the least
important level and 5 indicates the most important
level.
(2) Successful Kaizen implementation is composed of 6
observed items whose success levels are evaluated on
a 5-Likert scale where 1 indicates lowest level and 5
indicates highest level.
(3) Organizational performance consists of 6 items
reflecting the economic performance, environment
performance, and social performance. The participants were asked to evaluate the current performance
of these items on a 5-Likert scale (1- “unacceptable”,
2- “inconsistent”, 3- “rather effective”, 4- “effective”,
5- “exceptional”).
For brevity, full contents of these constructs and detailed
items will be supplemented on request.
3.2. Phase 2: Survey and Data Capture. The official survey
was conducted from March 15, 2018, to June 20, 2018. First,
from personal network with other trainees participating in
previous workshops on Kaizen, this study lists 62 SMEs
which have successfully implemented Kaizen; among them,
34 SMEs are located in the South, 21 SMEs are in the north,
and the rest are in the middle of Vietnam. Then, 254 hard
copies of the final questionnaire were directly delivered to
254 people working as directors, vice directors, department
managers, or Kaizen leaders in the selected SMEs. Because
the objectives of this study were effectively communicated,
most of them actively took part in the survey. Therefore, 237
out of 254 pieces of completed questionnaires were collected.
Among them, there were 24 pieces invalid, so, data from 213
valid observations were finally analyzed in this study. Prior to
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Table 2: Codes of investigated constructs and observed items.

Constructs
Supports from senior management (SUP)
Training (TRA)
Environment (ENV)
Assessment (AST)
Motivation (MOT)
Mindset (MIN)
Engagement (ENG)
Successful Kaizen implementation (SUC)
Organizational performance (PER)

No. of items

Codes

6
4
4
5
5
6
4
6
6

SUP1 → SUP6
TRA1 → TRA4
ENV1 → ENV4
AST1 → AST5
MOT1 → MOT5
MIN1 → MIN6
ENG1 → ENG4
SUC1 → SUC6
PER1 → PER6

Table 3: Descriptive statistics of respondents.
Demographic Characteristics

Frequency

Percent (%)

Kaizen leader
Department Manager
Director/Vice Director

62
107
44

29.1
50.2
20.7

South of Vietnam
Middle of Vietnam
North of Vietnam

172
7
34

80.8
3.2
16.0

Enterprise Size

Micro
Small
Medium

14
84
115

6.6
39.4
54.0

9
37

4.2
17.4

Ownership Type

State-owned enterprise
Private enterprise
Joint-venture
enterprise
Foreign-owned
enterprise

79

37.1

88

41.3

Working Position

Enterprise Location

the analysis, the investigated constructs and their observed
items are accordingly coded as shown in Table 2.
3.3. Phase 3: Data Analysis. In this phase, the collected
data were first screened. Some data analysis approaches
like exploratory factor analysis (EFA) and scale reliability
analysis with Cronbach’s Alpha (𝛼) coefficients were deployed
with IBM SPSS V.22. Fundamentally, EFA is considered
appropriate if its parameters well satisfy the following criteria:
(1) eigenvalue ≥ 1; (2) total variance explained ≥ 50%; (3)
KMO ≥ 0.5; (4) significance (Sig.) coefficient of KMO test
≤ 0.05; (5) factor loadings of all observed variables ≥ 0.4
as there are 213 observations in the sample; and (6) weight
difference between the loadings of two factors > 0.3 [195].
And, key criteria to judge if a scale is considered reliable
include the following: (1) all corrected item-total correlations
of its components are > 0.3; (2) its 𝛼 coefficient ≥ 0.7 [196].
After EFA and scale reliability analysis, the extracted
factors are further analyzed with (1) confirmatory factor
analysis (CFA) to affirm their unidirectionality, internal
consistency, convergence value, and distinguishing value; (2)
structural equation modelling (SEM) to test the validity of

the proposed research model and stated hypotheses [39,
43]. According to Hair et al. [197] and Steenkamp & Trijp
[198], these two analyses are considered appropriate if the
following criteria are satisfied: (1) the significance value (pvalue) of the Chi-square test ≤ 0.05; (2) ratio of Chi-square
(CMIN) over the degree of freedom (df), CMIN/df ≤ 2.00
(in some cases, CMIN/df ≤ 3.00 is also acceptable); (3) the
goodness of fit index (GFI), Tucker–Lewis index (TLI), and
comparative fit index (CFI) ≥ 0.90; (4) root mean square error
of approximation (RMSEA) ≤ 0.08; (5) overall reliability ≥
0.6; and (6) extracted variance ≥ 0.5.

4. Empirical Results
4.1. Descriptive Statistics. Some key characteristics of the 213
respondents are briefly shown in Table 3. Particularly, among
the 213 valid observations, there were 172 people, accounting
for 80.8%, from 34 SMEs located in the South because most
of existing joint-venture and foreign-owned enterprises are
located in the South due to special calls for investment and
attractive policies by the local authorities to create dynamic
business environment.
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Table 4: EFA rotated matrix of independent variables and reliability analysis.

1
MIN1
MIN3
MIN5
MIN6
MIN4
MIN2
SUP1
SUP3
SUP5
SUP2
SUP6
SUP4
AST2
AST1
AST4
AST3
AST5

2

Componenta
3

4

5

6

7

0.938
0.853
0.844
0.828
0.809
0.784
0.916
0.850
0.849
0.831
0.811
0.795
0.899
0.876
0.856
0.854
0.775

ENV1
ENV3
ENV4
ENV2

0.891
0.858
0.806
0.783

MOT1
MOT3
MOT4
MOT2
ENG3
ENG4
ENG1
ENG2
TRA1
TRA3
TRA2
TRA4

0.885
0.831
0.765
0.738
0.795
0.784
0.763
0.761
0.795
0.791
0.755
0.706

𝛼

CITCb

𝛼 if item
deleted

0.845

0.905
0.791
0.781
0.748
0.726
0.707

0.890
0.805
0.807
0.811
0.814
0.816

0.832

0.863
0.791
0.785
0.748
0.735
0.708

0.892
0.803
0.804
0.809
0.810
0.814

0.851

0.838
0.795
0.778
0.778
0.686

0.818
0.827
0.831
0.831
0.750

0.865

0.809
0.721
0.668
0.655

0.785
0.823
0.845
0.849

0.811

0.787
0.681
0.609
0.590

0.735
0.784
0.816
0.823

0.773

0.633
0.618
0.582
0.554

0.718
0.726
0.744
0.758

0.765

0.599
0.605
0.552
0.514

0.694
0.691
0.719
0.740

Extraction method: Principal Component Analysis.
Rotation method: Varimax with Kaiser Normalization.
(a) Rotation converged in 6 iterations.
(b) Corrected item-total correlation.

Moreover, more than 50% of the participants are working
as department managers and about 30% working as Kaizen
leaders in the investigated enterprises; generally, about 80%
of the respondents are from joint-venture and foreignowned enterprises. In addition, 54% and about 40% of the
participants are from medium size and small size enterprises,
respectively.
4.2. Exploratory Factor Analysis. The latent relationships
among the 34 observed variables of seven key factors are
first investigated with EFA approach. Results from the first

analysis showed that MOT5 failed to satisfy the required
criterion of discrimination in its loadings among two
extracted factors; thus, it was dropped out from the list of
variables. The second analysis of 33 items resulted in seven
factors extracted as shown in Table 4. With the obtained
KMO = 0.792, the significance of Bartlett’s test p-value ≤
0.001, and the satisfactory factor loadings of the components,
EFA analysis used in this study is considered appropriate.
4.3. Scale Reliability Analysis. These extracted scales were
then tested for their internal consistency with scale reliability
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Table 5: EFA rotated matrix of dependent variables and reliability analysis.
Componenta

PER1
PER2
PER6
PER3
PER5
PER4
SUC4
SUC1
SUC3
SUC6
SUC2
SUC5

1
0.908
0.874
0.842
0.837
0.826
0.770

2

𝛼

0.875

0.884
0.862
0.805
0.780
0.761
0.759

0.824

CITCb

𝛼 if item deleted

0.853
0.808
0.765
0.758
0.748
0.679
0.816
0.786
0.708
0.676
0.659
0.657

0.891
0.898
0.904
0.905
0.906
0.916
0.860
0.864
0.877
0.882
0.885
0.885

Extraction method: Principal Component Analysis.
Rotation method: Varimax with Kaiser Normalization.
(a) Rotation converged in 3 iterations.
(b) Corrected item-total correlation.

Table 6: Confirmatory factor analysis.
Term

Determinants of
successful Kaizen
implementation and
sustainable
performance of SMEs
in Vietnam

Scale
Support from senior
management (SUP)
Training (TRA)
Environment (ENV)
Assessment (AST)
Motivation (MOT)
Mindset (MIN)
Engagement (ENG)

Successful Kaizen implementation (SUC)
Sustainable performance (PER)

analysis. Their results are shown in columns “𝛼” and “CITC”
of Table 4.
The high values of 𝛼 coefficients (ranging from 0.773 to
0.865) and all corrected item-total correlations (CITC) larger
than 0.3 indicate that the extracted scales have high internal
consistency because they well satisfy the required criteria
for scale reliability analysis mentioned in Section 3.3; hence,
these extracted scales are considered reliable for further
analysis, such as CFA and SEM.
With the same token, EFA approach was also used to
explore the structure of the dependent factors “successful
Kaizen implementation” and “organizational performance”.
Table 5 clearly shows that the use of EFA approach for these
two scales is also appropriate because its KMO is 0.887, the
significance of Bartlett’s test is p-value ≤ 0.001, and the factor
loadings of the components are all larger than 0.4.
4.4. Confirmatory Factor Analysis. Table 6 briefly shows the
composite reliability of the investigated factors and the two

No. of Observed
variables

Cronbach’s 𝛼

Reliability test
Composite 𝛼

6

0.832

0.835

4
4
5
4
6
4

0.765
0.864
0.851
0.811
0.845
0.773

0.769
0.867
0.858
0.840
0.859
0.789

6
6

0.824
0.875

0.866
0.896

dependent scales denoted by SUC and PER. And Figure 2
displays estimated standardized results of saturated model
in CFA, including CMIN=1253.360, df= 909, p-value≤ 0.001,
CMIN/df = 1.378< 2.00, GFI= 0.914, TLI = 0.932, CFI = 0.928,
RMSEA = 0.042 < 0.08. As these figures well satisfy the
required criteria for CFA in terms of (1) unidimensionality,
(2) scale reliability, (3) convergent validity, and (4) discriminant validity presented in Section 3.3, it can be concluded that
the research model fits market data.
4.5. Structural Equation Modelling
4.5.1. Model of Successful Kaizen Implementation. Figure 3
briefly shows the analysis results of SEM model of the
determinants of the successful Kaizen implementation of
SMEs in Vietnam. The estimated standardized parameters of
the saturated model, such as CMIN= 953.090, df= 674, pvalue ≤ 0.001, CMIN/df = 1.414 < 2.00, GFI=0.916, TLI=0.933,
CFI=0.939, RMSEA=0.044 < 0.08, well satisfy the required
criteria for SEM as presented in Section 3.3; thus, the
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Figure 2: Confirmatory factor analysis.
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Figure 3: Standardized SEM model of successful Kaizen implementation.

proposed model is considered fit for the actual data. In
addition, the bias of the model estimation obtained from
bootstrapping 500 times was found insignificant. Therefore,
it can be concluded that the estimates obtained in the model
are reliable.

4.5.2. Model of Sustainable Performance. With the same
token, Figure 4 displays the analysis results of the determinants of sustainable performance of SMEs in Vietnam. The
estimated standardized parameters, such as CMIN= 1253.360,
df= 909, p-value ≤ 0.001, CMIN/df = 1.378 < 2.00, GFI =
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Figure 4: Standardized SEM model of sustainable performance of SMEs in Vietnam.

0.914, TLI = 0.932, CFI = 0.928, RMSEA = 0.042 < 0.08,
well satisfy the required criteria for SEM as presented in
Section 3.3; thus, the proposed model is considered fit for
the actual data. Moreover, analysis results obtained from 500time bootstrapping approach show that there is insignificant
bias in the model estimation parameters, indicating that the
obtained model estimates are reliable.
4.6. Hypothesis Tests with SEM. The results of the model
estimation and bootstrapping in SEM shown in Table 7
clearly indicate that all of the proposed hypotheses (H1 →
H15) are statistically supported as the p-values of related
coefficients are less than 0.05.
4.7. Tests of the Impacts of Demographic Characteristics. This
study used one-way ANOVA test to investigate the impacts of
demographic characteristics such as location, size, ownership
type of the enterprise, and the working position of the
respondents on the evaluation of the two dependent factors, “successful Kaizen implementation” and “organizational
performance”. In order to achieve the objective, two new
variables coded as “SUCC” and “PERF” were created by
taking averages of the six components of each dependent
factor, respectively.
Table 8 briefly presents the analysis results from tests of
homogeneity of variances among the groups within each
characteristic. With the given significance level of 5% used
in this study, Table 8 clearly shows the different variances of
SUCC and PERF among respondents’ groups based on the

ownership type and the enterprise location. In addition, the
variances of PERF among respondents’ groups based on the
enterprise size are also different. The results in Table 8 provide
important information to further test the equality of means of
SUCC and PERF among the groups within each characteristic
as shown in Table 9.
The figures in Table 9 clearly show that there are certain
differences in the evaluation of SUCC and PERF among
groups based on the working position, ownership type, and
enterprise size. From the results in Table 8 and Table 9, post
hoc tests were conducted to investigate which groups are
different from others.
(1) In terms of working positions, Kaizen leaders and
department managers have similar evaluations which
are higher than those of directors/vice directors.
It was found that Kaizen leaders and department
managers are the ones directly involving in the Kaizen
implementation and monitoring the improvement
from the shop floors; thus, they tend to be satisfied
with the success and the organizational performance.
However, as directors and vice directors more concerned about the overall performance and general
targets, they always expect to have better gains.
(2) In terms of size, it was found that medium enterprises
have better success and higher performance than the
micro and small ones because they usually pay more
attention to the improvement of their operational
effectiveness and efficiency to increase their competitive advantages.
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Table 7: Coefficients from the SEM model.
Coefficients

Std. Coefs.a

S.E.b

C.R.c

p-value

Conclusion

SUC ← SUP
SUC ← MIN
SUC ← ENG
SUC ← TRA
SUC ← ENV
SUC ← AST
SUC ← MOT

0.729
0.712
0.716
0.693
0.591
0.578
0.557

0.732
0.719
0.702
0.671
0.608
0.586
0.549

0.089
0.081
0.079
0.079
0.053
0.085
0.072

8.191
8.790
9.063
8.772
11.151
6.800
7.736

∗
∗
∗
∗
∗
∗
∗

H1 supported
H11 supported
H13 supported
H3 supported
H5 supported
H7 supported
H9 supported

PER ← SUC
PER ← MIN
PER ← SUP
PER ← ENG
PER ← AST
PER ← ENV
PER ← MOT
PER ← TRA

0.802
0.785
0.791
0.751
0.722
0.659
0.642
0.504

0.811
0.792
0.767
0.749
0.718
0.675
0.623
0.508

0.067
0.081
0.061
0.079
0.076
0.053
0.071
0.075

11.970
9.691
12.967
9.506
9.500
12.434
9.042
6.720

∗
∗
∗
∗
∗
∗
∗
∗

H15 supported
H12 supported
H2 supported
H14 supported
H8 supported
H6 supported
H10 supported
H4 supported

Relationships

Notes: a standardized coefficients; b standard error; c critical ratio; ∗ less than 0.1%.

Table 8: Tests of homogeneity of variances.
Characteristic

Factor

Levene
Statistic

df1

df2

Sig.

Ownership type

SUCC
PERF

3.4894
3.1752

2
2

210
210

0.032
0.044

Enterprise
location

SUCC
PERF

3.9012
3.2636

2
2

210
210

0.022
0.040

Enterprise size

SUCC
PERF

1.9781
1.2796

2
2

210
210

0.141
0.280

Working
position

SUCC
PERF

1.1278
0.6910

2
2

210
210

0.326
0.502

(3) In terms of ownership types, it was found that there
is no difference in the evaluations of SUCC and
PERF between the state-owned enterprises and local
private ones, and between the joint-venture enterprises and foreign-owned ones. However, the jointventure and foreign-owned enterprises, especially
Japan-based ones, were found more successful than
others because they better recognize the importance
of Kaizen in their business operations and invest more
resources to implement it in practice.
(4) In terms of location, it was found that the location
of enterprises fails to have significant impacts on
the evaluations of SUCC and PERF. This indicates
that once Kaizen is carefully understood and implemented, it would result in similar success and performance.

5. Discussions and Managerial Implications
5.1. Discussions. As shown in Table 7, all research hypotheses
proposed in this study are statistically supported, meaning

that the success of Kaizen implementation and the sustainable
performance of SMEs in Vietnam are affected by several
factors, including (1) supports from senior management;
(2) training; (3) working environment; (4) assessment; (5)
motivation; (6) mindset; and (7) engagement of all leaders
and employees in the enterprises. Among them, the support
from senior management (𝛽=0.732) plays the most important
role in the successful Kaizen implementation. This finding
further agrees with those by Goodridge et al. [87], Garcı́a
et al. [81], Al-Najem et al. [88], Imai [47], Suárez-Barraza et
al. [74], and Crute et al. [89]. Though the support is ranked
as the 3rd important factor directly affecting the sustainable performance, it is also considered crucial because the
successful Kaizen implementation has the strongest impact
on their sustainable performance (𝛽=0.811). Consequently,
senior management should formulate and effectively articulate their supports in terms of commitments, statements,
policies, plans, resources, or even direct involvement, etc.
SMEs should consider this as their top prioritized factor
because it works as the cornerstone for other factors and
activities.
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Table 9: ANOVA.

Characteristic
SUCC
Ownership
type
PERF
SUCC
Enterprise
location

PERF

SUCC
Enterprise
size

PERF

SUCC
Working
position

Sum of
Squares

df

Between Groups
Within Groups
Total
Between Groups
Within Groups
Total

2.159
59.707
61.866
2.611
65.007
67.618

2
210
212
2
210
212

Between Groups
Within Groups
Total
Between Groups
Within Groups
Total

0.564
59.436
60.000
0.828
64.751
65.579

2
210
212
2
210
212

Between Groups
Within Groups
Total
Between Groups
Within Groups
Total

2.310
59.152
61.462
2.011
65.095
67.106

Between Groups
Within Groups
Total
Between Groups
Within Groups
Total

1.992
59.148
61.140
2.175
63.428
65.603

Factor

PERF

Moreover, mindset of all leaders and employees is ranked
as the second important factor determining the success of
Kaizen implementation and the sustainable performance of
an enterprise, respectively, taking 𝛽=0.719 and 0.792. This
finding further strengthens that of Thomas et al. [171] who
claimed that employees’ mindset is critical to organizational
achievements and sustainability of their high performance
because it greatly affects the productivity, innovation, and
persistence of the workforce. Positive mindset should be
translated into organizational practices to create a good
culture for better performance [171] because the good culture
helps to hoard habitual changes and support continuous
improvement [48, 90]. Consequently, SMEs should have
proper policies to foster and cultivate growth mindset
in quality culture and continuous improvement practices;
meanwhile fixed mindset should be gradually redirected and
changed. However, changing the mindset of a person is
always a difficult task in practice. Thus, this study proposes
some typical implications to deal with it. It is noteworthy
that mindset is a newly proposed factor discovered from the
qualitative research; thus, it is considered as one of the key
contributions of this study.
Along with the mindset, every member in an enterprise
should actively and fully participate in the improvement
process. Therefore, the engagement is ranked as the third

Mean
Square

F

Sig.

1.080
0.284

3.797

0.024

1.306
0.310

4.217

0.016

0.282
0.283

0.996

0.371

0.414
0.308

1.344

0.263

2
210
212
2
210
212

1.155
0.282

4.096

0.018

1.006
0.310

3.244

0.041

2
210
212
2
210
212

0.996
0.282

3.532

0.031

1.088
0.302

3.601

0.029

significant factor affecting the success of Kaizen implementation (𝛽=0.811) which is similar to the finding by Stadnicka
& Sakano [112]. It is also ranked the fourth in affecting
the sustainable performance (𝛽=0.811), further agreeing with
[182, 184–193]. Basically, the engagement from management
levels can refer to their supports and commitments, whereas
the engagement from employees refers to their participation
in relevant activities with their responsibility.
In this study, among the seven independent factors,
training is found as the fourth important factor affecting the
successful Kaizen implementation in the SMEs in Vietnam.
Its importance was also previously identified by [52, 74, 90,
91, 96]. As presented in Section 4.4, the training positively
helps to change the mindset (r=0.27) and improve employee
motivation (r=0.12) as well as employee engagement (r=0.30).
Similar findings were found by Alvarado-Ramirez et al.
[92]. However, the training has the lowest impact on the
sustainable performance. This is explained by the fact that
it has significant impacts on other factors such as mindset,
engagement, motivation, and success of Kaizen implementation, while these factors have more direct relationships
to the organizational performance. Therefore, in general,
training also plays crucial role in improving the sustainable
performance of the SMEs.

Complexity

15

Continuous improvement
(a) STEAM-ME model

(b) STEAM-ME and Kaizen, sustainable performance

Figure 5: STEAM-ME model.

Besides, environment also has positive impacts on the
successful Kaizen implementation and the performance of
an enterprise. Specifically, its importance is ranked the fifth
among the seven factors affecting the success (𝛽=0.608) and
the sixth among the eight factors affecting the performance
(𝛽=0.675). This finding is similar to those by [97, 104–108].
Consequently, creating a friendly working environment and
a good culture of quality and continuous improvement is also
crucial to be considered by the SMEs in Vietnam.
Practically, this study also finds that regular assessment of
work ergonomics (employee productivity, efficiency, attitude,
etc.) and working environment (vibrations, noise, internal
air pollution, microclimate, radiation, dustiness or energy
expenditure of the worker, etc.) has positive impacts on the
success of Kaizen implementation and sustainable performance of SMEs because it can help to effectively trace the
current progress and lead to reasonable actions to achieve
organizational targets. This finding is further validated by
Glover et al. [117]. An effective assessment also helps to
improve organizational performance.
Lastly, organizations should have good policies and
approaches to motivate their employees because the motivation is also a significant factor affecting the successful
of Kaizen implementation (𝛽=0.549) and the organizational
performance (𝛽=0.623). It is further supported by [63, 86, 144,
150, 151, 167–169].
In short, seven determinants of the successful Kaizen
implementation and the sustainable performance of SMEs
in Vietnam are (1) Supports from senior management; (2)
Training; (3) Environment; (4) Assessment; (5) Motivation;
(6) Mindset; and (7) Engagement. The first letters of these
factors are orderly congregated as “STEAM-ME” which is
considered as a novel model for the successful Kaizen
implementation and the sustainable performance of SMEs in
Vietnam. The name of the model also implies that an organization needs to have a new airflow with energy as “steam”
to firstly make gradual changes to start its journey towards
significant success in implementing Kaizen and sustaining

organizational performance. The “steam” will make all of its
members refreshed and brimful of energy to improve their
minds, attitudes, behaviors, engagement, productivity, and
responsibilities which will result in substantial increase in
both personal and organizational performance.
Especially, Figure 5 visually presents the components of
STEAM-ME model and their positive correlations as well
as their impacts on the success of Kaizen implementation
and organizational performance. Mindset and engagement
are placed in the center of the model due to their critical roles
as discussed above. Nonetheless, related activities in terms
of motivation, training, and assessment taking place help to
positively change the mindset and improve the engagement
of all members in an organization whereas the supports from
senior management and environment provide foundations
for the activities.
With the strong correlations identified in Figure 2, no
clear boundary exists among these factors as shown in
Figure 5(a). They are all flexibly and continuously transformed from one state to others in a spiral endless-circle.
Though the model looks like the traditional yin-yang circle,
it only presents the mutual relationships and organic transformation among the factors; it does not mean “opposite”
as of the yin-yang theory. In addition, the positive impacts
of the identified factors on the successful Kaizen implementation and sustainable performance indicate that the more
the factors are improved, the more success and the better
performance an organization will have. Thus, if the STEAMME circle moves forwards, the organization will have better
improvement and greater performance. This mechanism is
demonstrated in Figure 5(b).
5.2. Managerial Implications. The existing literature clearly
shows that successfully implementing Kaizen is a long and
complex mission which should be integrated into strategic
management instead of being considered as a particular
project. The insights of the mutual relationships among the
seven affecting factors proposed in the novel STEAM-ME
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model greatly help business organizations, especially SMEs,
to create proper strategies for their continuous improvement
and sustainable performance.
Firstly, to effectively cultivate growth mindsets within
the organizations, top executives and department managers
should be the first ones to refresh their mindsets by taking
Kaizen training workshops so that they fully capture the
Kaizen philosophy as well as potential benefits they will
gain once Kaizen is successfully implemented. This is really
important to start the first cycle because such new mindsets
not only urge them to set and patiently pursuit Kaizen
as a strategic goal but also make them willing to provide
sufficient supports and create good environment for their
employees. After that, they should either send more staffs
to join similar workshops or organize some internal training
by either Kaizen experts or the trained executives/managers
because the staffs will be the ones directly participating
in the continuous improvement process. With encouraging
and open environment, they can quickly employ the knowledge and experiences learnt from the training; hence, we
can observe immediate improvements. From such training,
all members will shape their own Kaizen mindsets which
drive them to (1) consider continuous improvement as a
permanent need in every daily operation; (2) always welcome
suggestions for improvement; (3) always strive for better
productivity and quality because there are several areas
for improvement; (4) appreciate teamwork and constructive
contributions; and (5) always consider “sustainability” in
every solutions or activities for long-term achievements. Such
Kaizen mindsets will steadily transform into organizational
culture of continuous improvement and sustainable development.
Secondly, with the positive mindsets, they will actively
engage in improvement processes, and more innovative
solutions for improvement will be proposed. Therefore, the
SMEs should have right motivation approaches to encourage
their engagement and increase their overall performance.
Thirdly, SMEs should have proper tools and measures to
incessantly monitor and assess their actual performance and
benchmark with their expected outcomes to take corrective
actions if needed. Importantly, the tools and measures should
incorporate three critical pillars for sustainable performance:
people, planet, and profit.
Finally, the findings in Section 4.7 urge the state-owned
enterprises and the private ones to pay more attention to the
understanding and implementing of Kaizen philosophy in
their business operations. They should send more senior leaders/staffs to Kaizen training workshops to fully capture the
philosophy and learn the practical experiences from the sharing of their peers. This is really important to improve their
competitive advantages against the joint-venture and foreignowned enterprises to assure their sustainable development in
the current trend of regional and international integration.
Practically, joint-venture and foreign-owned enterprises tend
to implement Kaizen easier because they have better management system with stronger quality culture. Moreover, the
micro and small enterprises should also make more efforts
to implement Kaizen to improve their performance and their
productivity before they can enlarge their business.
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6. Conclusion
Over the past few decades, Kaizen has been successfully
implemented across different industries in many countries
worldwide and brought significant benefits towards relevant
organizations, including SMEs. SMEs in Vietnam play an
important role in developing the national economy. However,
the recent trend in international integration urges them to
improve their competitive advantages for their survival and
sustainable growth. Therefore, this study is aimed at identifying determinants of the successful Kaizen implementation
and sustainable performance of SMEs in Vietnam so that
others can have proper actions and prioritize their operations
in accordance with their available resources. Specifically,
through a formal survey of 213 participants from 62 SMEs
successfully implementing Kaizen in the North, Middle, and
South of Vietnam and appropriate statistical approaches such
as exploratory factor analysis (EFA), scale reliability analysis,
confirmatory factor analysis (CFA), and structural equation
modelling (SEM), seven important determinants have been
identified: (1) supports from senior management; (2) training;
(3) working environment; (4) assessment; (5) motivation;
(6) mindset; and (7) engagement of all members in the
enterprises. These seven factors perfectly form a new model
named as “STEAM-ME”, implying that organizations need to
have a new airflow as “steam” to make all of its members
refreshed and brimful of energy to foster their growth
minds, positive attitudes, behaviors, engagement, productivity, and responsibilities and improve their performance
so that the organizations can (1) gain significant success
in implementing Kaizen and (2) improve their business
performance and competitive advantage for their sustainable
development.
In particular, among the seven identified factors, “mindset” is newly proposed in this study. It was identified from
the qualitative research and has significant impacts on the
success of Kaizen implementation and sustainable performance. The finding obviously adds a new affecting factor
to fulfill research gap in the existing literature. In addition,
the quantitative relationships among the identified factors
help to create an innovative STEAM-ME model whose components positively and crucially affect the successful Kaizen
implementation and sustainable performance of SMEs in
Vietnam.
As this study focuses on SMEs only, future research
should investigate if similar determinants exist in the cases of
large enterprises and multinational corporations. Comparative analysis of the success and organizational performance
among enterprises of all sizes will deepen our understanding
of how Kaizen can be successfully implemented across the
enterprise sizes.
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Diez Muro, and J. Blanco Fernández, “The role of green
and traditional supplier attributes on business performance,”
Sustainability, vol. 9, no. 9, article no 1520, 2017.
[73] M. E. Pullman, M. J. Maloni, and C. R. Carter, “Food for
thought: Social versus environmental sustainability practices
and performance outcomes,” Journal of Supply Chain Management, vol. 45, no. 4, pp. 38–54, 2009.
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