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/e collaborative development of complex products has gradually developed into a “main manufacturer-suppliers” mode, under
which the manufacturing enterprises form a complex product collaborative manufacturing supply chain network. Quality risks
which bring enormous hidden danger to the product quality can be propagated and accumulate along the supply chain. It is of
great significance to quantify the propagation mechanism of quality risk between supply chain network nodes and identify the key
quality risk factor that causes fluctuation of product quality. /is study for the first time applies the SoV into the research on
quality risk propagation of complex product collaborative manufacturing supply chain network. Firstly, this paper uses the CN to
construct a complex product collaborative manufacturing supply chain network according to its characteristics. Secondly, on the
basis of SoV, the quality risk propagation model is established. /irdly, we put forward a method to identify the key quality risk
factors of supply chain network based on the risk propagation effect. Lastly, a numerical simulation is given to verify the ef-
fectiveness of the model and its identification method. /e results reveal that the quality risk propagation includes the vertical
propagation within enterprises and the horizontal propagation from the lower-level enterprises to the upper-level enterprises of
the supply chain./e quality risks of an enterprise are determined by its own quality risk factors and the quality risk passed by the
lower-level enterprises.

1. Introduction

Complex products reflect the development level of modern
high-tech industries and serve as an essential symbol of a
country’s technological strength, including aircraft, high-
speed trains, rockets, satellites, and other products and
systems. /e characteristics of complex products contain
complex technology, strict quality requirements, high de-
velopment risk, and complex project management. So, it is
difficult for companies to complete the entire development
process alone. In the collaborative development of complex
product supply chain, the relationship between manufac-
turers and suppliers has changed from competition to co-
operation and developed into main manufacturer-suppliers
mode, forming a collaborative manufacturing supply chain
network. According to the different roles and sizes of en-
terprises in the supply chain, the collaborative
manufacturing supply chain network can be divided into

four levels from low to high, which, respectively, represent
parts suppliers, component suppliers, first-tier suppliers,
and main manufacturers. /e main manufacturer, which is
in the core position of the supply chain network, leads the
overall design and formulation of quality standards. And
suppliers are in a subordinate position, undertaking specific
development tasks.

/e associated companies in the value chain form a
complex product collaborative manufacturing supply chain
network. /e development and production of Boeing 777
and Airbus A380 is a good start for this mode. Boeing 787
and Airbus A350 are new generations of products produced
under this mode. In the collaboration of mainmanufacturer-
suppliers network, the number of stakeholders is huge. For
example, Boeing 787 has more than 100 suppliers from 6
countries participating in the development; Airbus A380 has
more than 500 first-tier suppliers; and COMAC C919 has
more than 500 domestic and foreign airliner suppliers at all
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levels. Companies gain competitive advantages through the
main manufacturer-suppliers mode; however, they also face
huge hidden dangers. Each supply chain node has certain
quality risks due to the factors such as credit, production,
supply, and demand. Quality risks propagate along the
supply chain network, thus forming the “bullwhip effect” [1],
namely, the phenomenon that quality risks are propagated
and continuously amplified along the supply chain./is may
lead to supply chain interruption or even the collapse of the
entire supply chain network. /erefore, to avoid and control
supply chain quality risks, it is highly significant to analyze
the propagation mechanism of quality risks between nodes
in a complex supply chain network in order to identify key
quality risk factors that cause quality fluctuation.

Complex products require high-quality and high-reli-
ability. /eir quality risks will have a major influence on the
stability and reliability of products, and lead to problems
such as decline in corporate’s reputation, customers’ satis-
faction, and sharp increases in costs./erefore, the quality of
complex products is of paramount importance. In 2013,
Boeing 787 was grounded globally due to fire accidents
caused by lithium battery. In 2017, China’s Long March 5
Launch Vehicle failed because its hydrogen-oxygen engine
did not work properly. In October 2018 and March 2019,
Boeing 737MAX crashed twice due to failures in the flight
control system, killing 346 people. /ese two air crashes not
only grounded the aircraft globally but also caused huge
economic losses to Boeing. In addition to the incalculable
indirect losses, these crashes also created acute crisis of trust
between the customers and Boeing. It can be seen from the
complex product quality accidents which have occurred in
recent years that the main manufacturer-suppliers mode
improves the efficiency of complex product development, as
well as increases the complexity of the supply chain network
and the difficulty of quality risk management. Complex
product development companies are supposed to meet
customer needs and eliminate the quality risks at the same
time. /erefore, it is particularly important to study the
quality risks of complex products determined by the
stakeholders of the supply chain network.

Based on the existing literature, the supply chain net-
work quality risk of complex products presents two major
characteristics as compared to the general supply chain
quality risk. First, the main manufacturer and suppliers in
the complex product collaborative manufacturing supply
chain network are collaborative partners, and product
quality depends on every supply chain network subject.
Second, the number of nodes in the complex product col-
laborative manufacturing supply chain network is huge. /e
key to complex product collaborative manufacturing supply
chain quality management is how to construct the network
and define its quality risk factors.

How to analyze the supply chain network quality risk
propagationmechanism, find out the key quality risk factors,
and carry out quality risk control is also a problem that needs
to be solved. /erefore, based on the characteristics of the
complex product collaborative manufacturing supply chain
network, this article uses the CN theory to establish a small
world network model of the complex product collaborative

manufacturing supply chain. /en, we apply the SoV to
analyze the quality risk propagation mechanism of the
complex product collaborative manufacturing supply chain
network and identify key quality risk factors. Finally, a
numerical simulation is designed to provide decision-
making basis for avoiding and controlling quality risks and
improving product quality.

/e rest of the paper is organized as follows: we review
the related literature about supply chain quality manage-
ment, supply chain risk propagation, and SoV in Section 2.
In Section 3, we analyze and construct a complex product
collaborative manufacturing supply chain network. In
Section 4, based on SoV, we construct the network quality
risk propagationmodel of the complex product collaborative
manufacturing supply chain to study the supply chain
network quality risk propagation mechanism. Section 5
introduces the identification method of key quality risks. In
Section 6, the effectiveness of the model and method is
verified by numerical simulation. In the last section, we
summarize the paper and present the future research
directions.

2. Literature Review

Supply chain management is a mature research topic. With
the emergence of complex products and the introduction of
quality competitiveness, supply chain quality management
has become a key research focus and a realistic problem that
needs to be solved urgently. Carol and Manoj believed that
supply chain quality management referred to the mea-
surement, analysis and continuous improvement of product
quality, processes, and services through close collaboration
and integration of business processes in various links in the
supply chain [2]. Hwang et al. studied a more complex
supply chain quality structure; that is, suppliers implement
factory inspection before products are provided to buyers.
/is type of supply chain quality structure is the result of
further refinement of the quality in the supply chain op-
eration [3]. Kuei et al. proposed a global supply chain quality
management framework, which was an extension of tradi-
tional supplier management quality management [4].
Mahour developed a theoretical basis for supplier quality
from the perspective of learning [5]. Beason proposed that
the supply chain management integrated with Lean
/inking provided the source power for the sustainable
development of the enterprise [6]. Hu et al. constructed a
four-level agrifood supply chain, analyzed the quality de-
cision of each participant based on Stackelberg game theory,
and proposed a combination of multiple strategies to co-
ordinate quality control in the agricultural product supply
chain [7]. Wang et al. proposed a novel collaborative quality
design framework for large complex product supply chain by
integrating the fuzzy QFD and the grey decision-making
approach [8].

/e scholars used a variety of analytical frameworks to
study quality management issues at different levels from the
enterprises to the macro supply chain and have achieved
fruitful results. However, the existing literature is mostly
qualitative research, and there are few research studies on
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the quality management of complex product collaborative
manufacturing supply chain.

In terms of supply chain risk propagation, Mehra studied
the risk factors and propagation mechanism of supply chain
quality and considered that the incentive mechanism is an
important measure to solve the quality risk [9]. Helbing et al.
analyzed the bullwhip effect of the supply chain network by
applying the CN and proved that optimizing the supply
chain structure can improve the stability of the network [10].
Using the conceptual model of agency theory, Cheng and
Kam qualitatively analyzed the complexity of supply chain
network risks [11]. Based on the financial market theory,
Aliza and Alan analyzed the framework of quality risk
propagation and improved the quality of the supply chain
[12]. Wang et al. studied the fuzzy or accurate quality
specifications of suppliers under production incentives and
constructed a quality risk propagation model [13]. Li and Xu
established an analysis model of supply chain risk propa-
gation and conducted a quantitative study on the risk
propagation process of the equipment supply chain. /ey
revealed the change process and impact of the risk trans-
mission process [14]. Wang studied the supplier’s produc-
tion incentive measures under fuzzy or exact quality
specifications and constructed a quality risk propagation
model [15]. From the manufacturer’s perspective, Liu and
Xiong proposed a method for predicting quality risks in the
supply chain. /ey deployed quality houses through quality
functions to realize quality risk factors by using support
vector machines to predict [16]. Ouyang studied the dif-
fusion and identification of quality risk in the supply chain of
dairy products based on CN [17]. Based on the character-
istics of quality risk propagation, Zsidisin et al. provided a
framework for identifying and managing supply quality risk
[18]. Based on the investigation of 31 Chinese automobile
companies, Zhang et al. studied the quality risk transmission
law caused by the interruption of the supply chain of the
automobile industry [19]. Deng et al. explored the risk
propagation mechanisms and put forward the feasible
countermeasures for perishable products supply chains to
improve the sustainability, which are tested by use of the case
study of the yogurt supply chain in Company L [20]. Huo
et al. took into account the different attitudes to enterprises
at risk and the herd mechanism between enterprises, and a
new model is established, which focused on research on the
risk propagation mechanism of the supply chain of risk-
seeking enterprises and risk-averse enterprises [21]. Ojha
et al. measured the behaviour of risks following the as-
sessment of supply chain risk propagation and provided a
holistic measurement approach for predicting the complex
behaviour of risk propagation for improved supply chain
risk management [22]. Huo et al. proposed a new model for
supply chain risk propagation considering herd mentality
and risk preference under warning information onmultiplex
networks [23]. Guo et al. took Sichuan–Tibet region as an
example for empirical analysis, and simulated and analyzed
the risk propagation law of the multimodal transport net-
work under different attack types and load preferences [24].

Some achievements have been made in the research of
supply chain risk propagation. However, most of them do

not involve specific industry fields. /ere are few studies on
supply chain quality risk propagation under the “main
manufacturer-supplier” model of complex product. Besides,
the research on the quality risk propagation mechanism and
identification method of key quality risk factors is not deep
enough.

/e key to studying quality risk propagation is to choose
a suitable method to quantify the quality risk propagation
process in the supply chain. In the process of collaborative
development of complex product, quality risks are trans-
mitted by nodes to the product. After that, as the product
passes along the supply chain network to the next link,
quality risks may continue to accumulate in this process.
SoV is a method that starts from the causes of errors,
considers the transmission and accumulation effects of er-
rors in different processes, and uses mathematical analysis to
describe this effect [25]. Ding et al. conducted a lot of re-
search on fixture optimization and measuring point opti-
mization in machining and assembling based on the SoV
[26]. Djurdjanovic and Ni analyzed the influence of errors in
fixtures, locating datum features and measurement datum
features on dimensional errors in machining [27]. Kim and
Seun used the simulated annealing algorithm based on the
state space error flow model to robustly design the multi-
station fixture in the mechanical assembly process [28].
Based on graph theory, computer-aided design, and pro-
cessing, Liu and Jiang constructed a network structure of
error transmision, which is conducive to the rapid diagnosis
of error sources. However, it required a large amount of data
to deduce the weight of each side, and the multiprocess
engineering network structure is complex [29]. Du et al.
established a three-dimensional change transmission model
of rotating work pieces, which described benchmark errors,
fixture errors, etc. [30]. Wang et al. established a new var-
iation transmission model in multistage machining pro-
cesses for general shape work pieces. It visually demonstrates
the variation transmission chain and expands the univer-
sality of current SoVmodels [31]. Tang et al. proposed a new
geometric error model based on the SoV theory to under-
stand the transmission of geometric errors and the accu-
mulation of deviations in a six-axis motion platform [32].

It can be seen from the current research that quality
control and optimization based on the SoV are mainly used
in machining and assembly processes. /e process of col-
laborative development of complex product is actually a
process in which the propagation and accumulation of
quality risks lead to deviations in the final product.
/erefore, the propagation of supply chain quality risks can
be regarded as the process of error propagation and accu-
mulation, and the SoV can be used for research.

3. Analysis of Complex Product Collaborative
Manufacturing Supply Chain Network
Based on CN

3.1. Analysis of Supply Chain Network Structure. Supply
chain network refers to a network structure formed by some
autonomous or semiautonomous business entities to
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produce a certain product or serve consumers through
relevant upstream and downstream business relationships.
Under the main manufacturer-suppliers collaborative de-
velopment model, the supplier and the main manufacturer
sign a contract to bear development risks together, share
product profits, and form a strategic partnership with
products as the link. By giving up part of noncore business
and profit, the main manufacturer attracts suppliers who can
share risks, so as to focus on responding to changes in
market and customer needs, further improving the overall
resilience of the supply chain. By integrating geographically
dispersed suppliers and jointly developing products with
them, a highly complex supply chain network is formed.

According to the different roles and sizes of enterprises
in the supply chain, the complex product collaborative
manufacturing supply chain network can be divided into
four levels from low to high, which, respectively, represent
parts suppliers, component suppliers, first-tier suppliers,
and main manufacturers. Parts suppliers and component
suppliers are at the bottom of the supply chain network.
/ey are mainly small- and medium-sized enterprises, re-
sponsible for processing raw material and providing com-
ponents for first-tier suppliers. Early first-tier suppliers were
mainly responsible for the assembly and production of
product subsystem components without development tasks
of new products. As the increasing complexity of complex
products, first-tier suppliers gradually begin to participate in
development tasks, project management, product life cycle
maintenance, financial management, and other businesses.
/e main manufacturer is at the core of the supply chain
network, due to its responsibility for product design, supply
chain management, enterprise coordination, and product
assembly./e complex product collaborative manufacturing
supply chain network structure is shown in Figure 1.

3.2. Analysis of Complex Network Characteristics of Supply
Chain Network. Network with self-organization, self-simi-
larity, attractors, small worlds, and some or all of the
properties of scale-free networks is called complex network.
With the maturity of the main manufacturer-suppliers
collaborative development mode, the complex product
collaborative manufacturing supply chain network gradually
shows the characteristics of a complex network, mainly as
follows:

(1) /e complexity of the network structure: the number
of nodes in the complex product collaborative
manufacturing supply chain network is large.
Meanwhile, the business volume and process be-
tween nodes are complex. A node at a certain level is
not only the manufacturer of the lower-level nodes,
but also the supplier of the upper-level nodes. And
there are different purchasing, manufacturing, and
sales departments within the nodes. /e interaction
between the internal and external structures of the
system leads to the complexity of the supply chain
network structure.

(2) /e dynamics of the node network: nodes are con-
nected through logistics, information flow, and

contracts, and their business relationships are also
undergoing dynamic changes. On the one hand,
changes in the quality status of a node will affect the
development status of its associated nodes. If it in-
fluences the core node, all nodes in the supply chain
network may be affected, causing the supply chain to
be interrupted or even the entire network to collapse.
On the other hand, because of the selection mecha-
nism of the survival of the fittest in the market,
existing nodes withdrawing from the network and
new ones joining the network will break the business
connection between nodes or create new connections.

(3) /e cross-regional nature of network nodes: with the
rapid development of information technology and
the improvement of logistics levels, companies in the
complex product collaborative manufacturing sup-
ply chain network have broken through geographic
constraints. Taking the development of large aircraft
as an example, the supply chain network includes
thousands of companies in more than a dozen
countries./emain manufacturer conducts business
cooperation with suppliers distributed in various
regions of the world to form a global supply chain
network. /is geographical dispersion increases the
difficulty of supply chain network risk management
and makes the network more susceptible to inter-
ference from external uncertainties.

3.3. Construction of Supply Chain Network Based on CN.
When studying a complex system containing a large number
of constituent units, the units can be abstracted as nodes, and
the interaction between units can be abstracted as edges.
/en, the topological structure or performance of the system
can be analyzed through the statistical parameters of the CN.
Based on the analysis in Sections 3.1 and 3.2, the enterprises
in the supply chain network are abstracted as nodes in the
CN, the collaborative relations between enterprises are
abstracted as edges, and the degree of the closeness of
collaborative relations between enterprises is reflected in the
weight of the edges. On this basis, the hierarchical supply
chain network of main manufacturers and suppliers is
constructed.

3.3.1. Assumptions

Assumption 1. Node’s Preference Selection Mechanism. /e
preference selection mechanism is the basis for new nodes
joining the network when they choose to cooperate with
existing nodes. /is paper mainly considers the factor of
node strength; that is, nodes tend to choose nodes with
higher node strength when connecting.

Assumption 2. Local Connection Mechanism. A node in the
complex product collaborative manufacturing supply chain
network may be related to the nodes of the upper or lower
level, and there is no cross-level cooperation relationship
between nodes of nonadjacent levels. /erefore, when
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generating a new node, we need to determine the node type
before connecting. For example, the newly joined parts
manufacturer will cooperate with the component suppliers
to carry out business activities, but not directly with themain
manufacturer.

Assumption 3. Network Growth Mechanism. At the begin-
ning, an initial supply chain network is often generated
through a few nodes, and then new nodes are gradually
added until it reaches the expected scale. During this process,
some nodes withdraw from the network because of the
breakdown of their partnerships or their own business
problems. /erefore, not only the increase of nodes should
be considered when constructing the network, but also the
reduction and withdrawal of nodes. /is article assumes that
the supply chain network constructed is a growing network
with connection preferences.

Based on the above assumptions, G(V, R, W) represents
the whole network, where V, R, W refer to the set of nodes in
the supply chain network, relationships between nodes, and
the close degree of cooperation. After that, the adjacency
matrix of the node relationship is established. If there is a
collaborative relationship between the node vi and vj, the
weight of the edge is wij ∈ (0, +∞), and if there is no
collaborative relationship, then wij � 0. According to the
structure and characteristics of the complex product col-
laborative manufacturing supply chain network, the net-
work is divided into four levels. /ere is a collaborative
relationship between nodes of two adjacent levels and no
cross-level collaborative relationship between nodes of
nonadjacent levels.

3.3.2. Supply Chain Network Performance Indicators

(1) Supply Chain Network Node Strength. /e strength Si

of node vi is the sum of the weights of the neigh-
boring edges of the node, which reflects the business
capabilities of the complex product collaborative
manufacturing supply chain network node to a
certain extent. /is can be expressed as follows:

Si � 􏽘

n

j�1
wij, (1)

where n is the number of nodes in the network and
wij represents the weight of the edge connecting
node vi and vj.

(2) Supply Chain Network Node Degree. /e degree Ki of
node vi is the number of its adjacent edges, which
represents the impact area of the supply chain node,
as follows:

Ki � 􏽘
n

j�1
aij, (2)

where n is the number of nodes in the network and
aij is an element of the adjacency matrix. If the nodes
vi and vj are connected, then aij � 1, otherwise
aij � 0.

(3) Supply Chain Network Clustering Coefficient. /e
clustering coefficient of node vi is the ratio of the
number of edges actually connected to the node and
adjacent nodes to the total number of all possible
edges. It reflects the degree of cooperation between
the node and its associated nodes in the supply chain.
Assuming that the node vi is directly connected to ki

nodes, the number of edges that may exist between
these nodes is C2

ki
. /e actual number of edges is

represented by Ei and the clustering coefficient is
expressed as follows:

Ci �
Ei

C
2
ki

. (3)

3.3.3. Supply Chain Network Construction Steps

Step 1: set up n initial nodes and divide them into four
levels. /e number of nodes in level (i) is represented by
ni, that is n � 􏽐

4
i�1 ni . For example, n4 � 1 means that the

number of the main manufacturer node is 1. /e initial
weight of the adjacent edges of the node is set toW0. After
that, a new node is added in each cycle, and it is connected
to different supply chain network levels by judging the
type of the node. /ree constants Pa, Pb, Pc ∈ [0, 1) are
set for this and 0≤Pa <Pb <Pc < 1.
Step 2: generate a random number (r1). When r1 <Pa,
add a supply chain node to the network, and the node
type is related to the number of nodes in each level of
the initial supply chain, namely, the probability that the
node belongs to the level (i) is p � (ni/n). When a new
node joins the supply chain network, it will bring an
increment of δ to the node strength and δ is allocated
according to the weight of adjacent edges. Assuming
that the newly added node vi is connected to the node
vj, the related index changes of the node vj and the
connected node vk are expressed as follows and shown
in Figure 2:

wkj � wkj + Δwkj, (4)

Sij � Sij + wkj + δ, (5)

manufacturer 

supplier A 
First-tire 

First-tire 

Main 

Component 
supplier A 

Component 
supplier B 

supplier B 
Component 
supplier C 

Parts supplier 
A 

Parts supplier 
B 

Parts supplier 
C 

Parts supplier 
D 

……
……

……

Figure 1: Complex product collaborative manufacturing supply
chain network structure.
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Δwkj � δ ∗
wkj

Sij

. (6)

Step 3: if Pa ≤ r1 <Pb, randomly add m edges to the
supply chain network to simulate the establishment of a
collaborative relationship with existing nodes. Since
there is no cross-level collaborative relationship be-
tween nodes of nonadjacent levels, randomly added
edges can only connect two nodes of adjacent levels. If
the edge already exists, then increase its weight to
indicate the deepening of the existing collaborative
relationship. At this time, the edge strength of the
connected nodes vk and vj changes as equation (4). /e
evolution process is shown in Figure 3. If Pb ≤ r1 <Pc,
the edge is deleted to simulate the situation where
supply chain nodes reduce cooperation with other
nodes. If Pc ≤ r1 < 1, remove supply chain node oper-
ations, in order to simulate nodes exiting the supply
chain. /e evolution process is shown in Figure 4.
Step 4: once the scale of the supply chain network
reaches the expected requirements, the network con-
struction is completed.

4. Quality Risk Propagation Mechanism of
Complex Product Collaborative
Manufacturing Supply Chain Based on SoV

Based on Section 3, we firstly analyze quality risks in supply
chain and quality risk factors of nodes in this part. /en, we
construct a quality risk propagation network. In order to
study the quality risk propagation mechanism of the
complex product collaborative manufacturing supply chain
network, we apply the SoV to construct the quality risk
propagation model.

4.1.0eMeaning and Characteristics of Supply Chain Quality
Risk. Supply chain risk is the consequence of uncertainty in
the supply chain. Uncertain demand quantity, delivery cost,
delivery time, and product quality all lead to supply chain
risks [33]./is papermainly considers quality risks in supply
chain. Because of the complexity of quality risks in supply
chain, the definitions are diverse from the different per-
spective of researchers. Based on previous studies, the
quality risks refer to the probability of negative events caused
by the conflict of quality requirements and quality reality
[16]. And the quality risks are the sum of quality risks of all
aspects in a supply chain [34]. Supply chain quality risks
have the following characteristics that are different from
other supply chain risks.

4.1.1. Directionality of Propagation. In a complex product
collaborative manufacturing supply chain network, bottom-
level suppliers can propagate quality risks to the top-level
main manufacturer. /e propagation can be divided into

two types: vertical propagation and horizontal propagation.
Vertical propagation is within each node. Specifically,
quality risks are propagated between different departments
and different systems of the enterprise, thereby affecting the
quality of its products. Horizontal propagation is outside the
nodes. /e quality risks are propagated to the upper nodes
along with the products produced by the current node,
affecting the quality of the products of subsequent nodes.

4.1.2. Superposition. /is characteristic has two manifesta-
tions. One is the superposition of quality risks within the
enterprise, which means the superposition of quality risks
within the nodes. /e other is the superposition of quality
risks in different production processes. It refers to the su-
perposition of the quality risks propagated by the current
node to the subsequent node and that is of the latter’s own.

4.1.3. Time Lag. Different from other risks characterized
with precursory, quality risks often have an incubation
period. /ey will only appear when their accumulation
exceeds the threshold of the node’s resistance to risks and
may trigger a chain reaction. /e quality risks may exist at
any time during the collaborative development of complex
products, but the time lag makes it difficult to discover them
in time.

4.1.4. Difficulty in Identifying and Quantifying. Due to the
network-like distribution of supply chain companies and the
superposition of quality risks, the node where quality
problems occur may not be the source of quality risks.
Quality risk propagation is a complex systematic process,
and it is difficult to quantify quality risks as corresponding
indicators and use precise means to measure them.

4.2. Analysis of Node Quality Risk Factors. In a complex
product collaborative manufacturing supply chain network,
the quality of the final product is closely related to quality risks
of each node in the supply chain. /ere are various uncertain
risk factors inside and outside enterprises./e risk factors that
may affect product quality and cause quality accidents are
quality risk factors. In order to understand the quality risks of
the supply chain and its propagation mechanism, it is nec-
essary to clarify the node quality risk factors./is paper firstly
summarizes the common risk factors of supply chain and then
determines the node quality risk factors according to the
characteristics of supply chain quality risks.

On the basis of comparing and summarizing the pre-
vious literature, the risk factors of supply chain are classified
into internal risks and external risks, as shown in Table 1.
/e internal risks are caused by the uncertainty of enter-
prises, the complexity, and fragility of the supply chain
system. /e external risks are those which the complex and
changeable environment outside the supply chain brings to
enterprises and the supply chain system.
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/e supply chain node quality risks are triggered by
quality risk factors, which can be quantified by subrisk
factors. Based on the risk factors of supply chain and
characteristics of supply chain quality risks analyzed in
Section 4.1, three types of node quality risk factors are
summarized: credit, productive, and supply-demand
quality risks. Each type contains three subrisk factors, as
shown in Table 2. Credit quality risk is caused by the party
who needs to carry out the contract, but according to the
regulations, that party is unable to complete the quality
task.

Productive quality risk exists in the production process
of products. Due to strict quality standards for complex
products and complex collaborative development processes,
these risks are relatively difficult to avoid. Supply-demand
quality risk is caused by the mismatch between the supply
and demand of raw materials or products.

4.3. Construction of Supply Chain Quality Risk
Propagation Network

4.3.1. Assumptions. In order to analyze the mechanism of
quality risk propagation between supply chain nodes, we
should first establish a supply chain quality risk propagation
network and study the propagation method of quality risk in
the supply chain. /e assumptions are as follows.

Assumption 1. /e cumulative effect of each node’s quality
risks determines the quality of the final product.

Assumption 2. Quality risks are propagated by lower-level
nodes to the upper-level nodes along the supply chain.

Assumption 3. /e supply chain nodes quality risk factors
and subrisk factors are in a linear superposition relationship,

n1

W0

n1

n2

n2

n3

n3

n4m1
m1

m2
m2

S (m1) S (m1) = S (m1) + W0 + δ
W (n 1) 

= W (n 1) 
+ ΔW

 (n 1)

W (n2 ) = W (n2 ) + ΔW (n2 )
W

 (m
1)

Figure 2: /e indicator changes after new nodes are added.

Select the best connectionAdd a new node 

Determine the 
node type 

Add the new node to the 
corresponding level 

Connect other nodes

Figure 3: Add new nodes into the supply chain network.

Delete edges 
Determine the 

corresponding level Delete the node 

Determine the 
node type 

Figure 4: Delete supply chain network nodes.
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and the coupling effect between the subrisk factors is not
considered.

Assumption 4. /ere is a collaborative relationship between
nodes of two adjacent levels, and a node can be associated
withmultiple nodes of the upper or lower level, while there is
no cross-level collaborative relationship between nodes of
nonadjacent levels.

4.3.2. Generation Rules of Supply Chain Quality Risk
Propagation Network

(1) Generation of Nodes: Consider the enterprises in the
complex product collaborative manufacturing sup-
ply chain network as nodes. /e network can be
divided into four levels from low to high, which,
respectively, represent parts suppliers, component
suppliers, first-tier suppliers, and the main manu-
facturer. On this basis, quality risk factor and subrisk
factor nodes are added. Each enterprise node is
connected to three quality risk factor nodes, and each
quality risk factor node is connected to three subrisk
factor nodes.

(2) Generation of edges:/e network edges represent the
connections between supply chain nodes. /e sub-
risk factors are connected to the quality risk factors
through the edges, indicating the affiliation. /e
quality risk factors are connected to enterprise nodes
through the edges and the enterprise nodes are
connected through the edges. /e directions of the
edges indicate propagation directions of quality
risks. /e weight of each edge is represented by 0 or
1. If there is a connection between the nodes, the
weight of the edge is 1 otherwise, and the weight is 0.

According to the analysis of the characteristics of supply
chain quality risk in Section 4.1, there exist both vertical and
horizontal propagation of quality risks in the supply chain.
/e vertical propagation is carried out within the node and

does not require an intermediary. Nodes are connected
through collaborative elements, which are the medium for
the horizontal propagation of quality risks. Quality risks are
passed along with products in the supply chain. /e
transportation, warehousing, distribution, and other pro-
cesses of the products at each node all rely on logistics.
/erefore, logistics play an important role in the propaga-
tion of quality risks. Information flow is a channel for in-
formation sharing and communication between supply
chain nodes. If the information is distorted, quality risks may
spread from the risk source to other nodes. Supply chain
nodes form a risk-sharing relationship by quality contract.
Once a node has quality risks, other nodes under the quality
contract framework will bear the impact of this node’s
quality risks. /erefore, logistics, information flow, and
quality contract are all synergistic elements.

Based on the above analysis, the quality risk propagation
process of the complex product collaborative manufacturing
supply chain network is shown in Figure 5. Ak, Bk, Ck, re-
spectively, represent the current node quality risk factors,
that is, credit, productive, and supply-demand quality risks.
akj, bkj, ckj, respectively, represent the subrisk factors of
credit, productive, and supply-demand quality risks. Ver-
tically, the subrisk factors of a node are accumulated to form
quality risk factors, which act on the node’s own products.
Horizontally, the quality risks are propagated by lower-level
nodes along the supply chain to upper-level nodes and
accumulated continuously, affecting the quality of subse-
quent nodes’ products. /e quality risk of a node is com-
posed of the quality risks propagated vertically within itself
and the quality risks propagated horizontally by the lower-
level nodes.

According to the network generation rules, the topology
of the quality risk propagation network is shown in Figure 6.
/e blue nodes in the figure represent supply chain enter-
prises, the larger red nodes represent quality risk factors, and
the smaller red nodes represent subrisk factors.

/e network can be expressed as follows:

Table 1: Risk factors of supply chain.

Classification Risk factors

Internal risks
Capacity risk, reputation risk, material risk, production failure risk, production management risk, sales risk, delivery risk,

capital risk, logistics risk, supply risk, demand risk, organization and coordination risk, benefit distribution risk,
information propagation risk

External risks Policy risk, legal risk, cultural conflict risk, natural environment risk, competition risk, economic environment risk,
information security risk

Table 2: Node quality risk factors.

Quality risk factor Subrisk factor
Credit quality risk Capacity risk, reputation risk, and organization and coordination risk
Productive quality risk Material risk, production failure risk, and production management risk
Supply-demand quality risk Supply risk, demand risk, and information propagation risk

8 Discrete Dynamics in Nature and Society



N0 � 〈X, Y, R, S〉,

X � PS, CS, TS, M{ },

Y � I, L, Q{ },

R � Ak, Bk, Ck􏼈 􏼉,

S � akj, bkj, ckj􏽮 􏽯,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(7)

where X � PS, CS, TS, M{ } represents the set of supply chain
network nodes, namely, parts suppliers, component suppliers,
first-tier suppliers, and the main manufacturer. Accordingly,
Y � L, I, Q{ } represent the set of collaborative elements be-
tween enterprise nodes, namely, logistics, information flow,
and quality contract. Likewise, R � Ak, Bk, Ck􏼈 􏼉 is the set of
current node quality risk factors and S � akj, bkj, ckj􏽮 􏽯 is the
set of current node subrisk factors.

4.4. Construction of Supply Chain Quality Risk Propagation
Model Based on SoV. In the supply chain network, the
output quality of the current node product is the input
quality of the subsequent node product, and the quality error
of the current node product will affect the product quality of
the subsequent nodes. /e collaborative development pro-
cess of complex products from raw materials to finished
products is actually a process in which quality errors caused
by the quality risks of each node continue to accumulate,
resulting in product quality to deviate from the target.
/erefore, the propagation of quality risks in the complex
product collaborative manufacturing supply chain can be
regarded as a process of error propagation and

accumulation. /is section uses the SoV to study the quality
risk propagation process by quantifying the fluctuations of
the node quality risks and establishes a complex product
collaborative manufacturing supply chain network quality
risk propagation model.

Definition 1. Qk represents the output quality risks of the
current node, and Q(k−1) represents the output quality risks
of the lower-level node.

Definition 2. Rk represents the set of current node quality
risk factors.

Definition 3. Rk to Qk represent the vertical quality risk
propagation process, and Q(k−1) to Qk represent the hori-
zontal propagation process.

Theorem 1. In the complex product collaborative
manufacturing supply chain network, the quality risk of a
node is composed of the quality risks propagated vertically
within itself and the quality risks propagated horizontally by
the lower-level nodes. 0e process can be described as follows:

σ2Qk
� α211σ

2
Ak

+ α212σ
2
Bk

+ α213σ
2
Ck

+ 􏽘
r∈Sk

􏽘

m

i�1
α22ri

σ2Qri

. (8)

Proof. Based on the supply chain quality risk propagation
network constructed in Section 4.3, a supply chain network
quality risk propagation model with n nodes is constructed.
For each node, consider three types of quality risk factors:
credit, productive, and supply-demand factors, which are
analyzed in Section 4.2. /ey are represented by Ak, Bk, Ck,
respectively; then,

Qk � Z Rk, Q(k−1)􏼐 􏼑, k � 1, 2, 3, . . . , n, (9)

Rk � Ak, Bk, Ck􏼈 􏼉, k � 1, 2, 3, . . . , n. (10)

Suppose that Z(R∗k , Q∗(k−1)) is the optimal state of node k

at (R∗k , Q∗(k−1)) in the complex product collaborative
manufacturing supply chain network. At this point, the
second order Taylor expansion of (9) is

Parts 
supplier

Logistics
information flow 
quality contract 

Component
supplier 

First-tier 
supplier 

Main 
manufacturer

……

Logistics
information flow 
quality contract 

Logistics
information flow 
quality contract 

A1

a11 a12 a13 a21 a22 a23

b21 b22 b23b11

c11

b12

c12

b13

c13 c21 c22 c23

B1 C1 C2A2 B2

Figure 5: Supply chain quality risk propagation process.

Figure 6: Quality risk propagation network.
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Qk � Z R
∗
k , Q
∗
(k−1)􏼐 􏼑 +

zZ

zRk

× Rk − R
∗
k( 􏼁 +

zZ

zQ(k−1)

× Q(k−1) − Q
∗
(k−1)􏼐 􏼑 +

z
z
Z

z
2
Rk

×
Rk − R

∗
k( 􏼁

2

2

+
z

z
Z

z
2
Q(k−1)

×
Q(k− 1) − Q

∗
(k−1)􏼐 􏼑

2

2
+

z
z
Z

zRkzQ(k−1)

×
Rk − R

∗
k( 􏼁 Q(k−1) − Q

∗
(k−1)􏼐 􏼑

2
.

(11)

Make the following substitutions:

α1 �
zZ

zRk

,

α2 �
zZ

zQ(k−1)

,

β1 �
z

z
Z

z
2
Rk

,

β2 �
z

z
Z

z
2
Q(k−1)

,

c �
z

z
Z

zRkzQ(k−1)

,

ΔRk � Rk − R
∗
k( 􏼁,

ΔQ(k−1) � Q(k−1) − Q
∗
(k−1)􏼐 􏼑,

ΔQk � Qk − Z R
∗
k , Q
∗
(k−1)􏼐 􏼑.

(12)

/en, there is

ΔQk � α1ΔRk + α2ΔQ(k−1) +
β1
2
ΔR2

k

+
β2
2
ΔQ2

(k−1) +
c

2
ΔRkΔQ(k−1).

(13)

In the case that Rk and Q(k−1) are independent of each
other, the high-order part that has little effect on ΔQk can be
ignored, and the result is as follows:

ΔQk � α1ΔRk + α2ΔQ(k−1). (14)

Because of

D ΔQk( 􏼁 � σ2Qk
,

D α1ΔRk( 􏼁 � α21σ
2
Rk

,

D α2ΔQ(k−1)􏼐 􏼑 � α22σ
2
Q(k−1)

.

(15)

Together with (14), there is

σ2Qk
� α21σ

2
Rk

+ α22σ
2
Q(k−1)

. (16)

Formula (16) illustrates the impact of the quality risk
factor fluctuation of the current node and the output quality
risk fluctuation of the lower-level nodes on the output
quality risks of the current nodes α1 and α2 which are risk
propagation coefficients. /e σ2Qk

represents the fluctuation
level of the quality risk output of node k, that is, the variance
of Qk. /e σ2Rk

represents the quality risk factors regarding
fluctuation level of the node k, namely, the variance of Rk.
And σ2Q(k−1)

indicate the fluctuation level of the quality risk
output by the lower-level nodes of node k, that is, the
variance of Q(k−1).

Since Rk � Ak, Bk, Ck􏼈 􏼉, there is

α21σ
2
Rk

� α211σ
2
Ak

+ α212σ
2
Bk

+ α213σ
2
Ck

. #(16) (17)

In formula (17), σ2Ak
, σ2Bk

, σ2Ck
represent the fluctuation

levels of credit, respectively, productive, and supply-demand
quality risks of node k. α11, α12, α13 are risk propagation
coefficients of quality risk factors to node k. /e output
quality risks of (k − 1) nodes in the lower level are prop-
agated to node k, which result in the formula

α22σ
2
Q(k−1)

� 􏽘
r∈Sk

􏽘

m

i�1
α22ri

σ2Qri

, (18)

where Sk represents the set of nodes associated with node k,
m is the set of quality risk factors of node r(r< k), σ2Qri

represents the fluctuation level of the quality risk factor i of
node r, and α2ri

is the propagation coefficient of quality risk
factor i of node r to node k.

According to (17) and (18), the output quality risk
fluctuation level of node k is

σ2Qk
� α211σ

2
Ak

+ α212σ
2
Bk

+ α213σ
2
Ck

+ 􏽘
r∈Sk

􏽘

m

i�1
α22ri

σ2Qri

. (19)

/e proof is finished.
As is shown above, it can be seen that the quality risk

propagation of the supply chain can be divided into the
vertical propagation within nodes and the horizontal
propagation from the lower-level nodes to the upper-level
nodes. /e quality risk will accumulate in the propagation
process, and the quality risks of the current node are not only
related to its own quality risk factors, but also to the quality
risk passed by the lower-level nodes. □

5. Identification of Key Quality Risk Factors
Based on Risk Effect

/e key quality risk factors are those which have great in-
fluence on the product quality. Identifying key quality risk
factors is helpful for supply chain enterprises to avoid and
control quality risks and improve product quality. Based on
the quality risk propagation model constructed in Section 4,
the impact of quality risk factors on final product quality risk
is further quantified, and the key quality risk factors are
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determined according to the degree of influence. /e fol-
lowing parameters are defined here:

(1) Quality risk propagation coefficient:

αij �
Ki

out

Kj
in , (20)

where αij is expressed by the ratio of the out degree
Kiout of node (i) and the in degree Kjin of node j. It
represents the weight of the influence of node (i) on
upper-level node j. Kiout is the number of edges from
node (i) to other nodes, which shows the impact of
node (i) on other nodes; Kjin is the number of edges
that other nodes point to node j, which shows the
influence of other nodes on node j.

(2) Quality risk effect:

E
2
Xi

� 􏽘

k∈Xi

k�1
r
2
jnα

2
ijs

2
kiv

2
k, (21)

where EXi
indicates the degree of influence of node

quality risk factors on final product quality risk, and Xi

represents the set of subrisk factors of node quality risk
factor (i). v2k is the fluctuation level of subrisk factors
k. ski is the quality risk propagation coefficient of
subrisk factor k to quality risk factor (i). αij is the
propagation coefficient of quality risk factor i to node
j. rjn is the quality risk propagation coefficient of node j

to the final product, which is assumed to be 1. /at
being said, the quality risk of the final product is
regarded as the result of the superposition of the quality
risk propagated by each node to the final product. As
shown in Table 3, the classification evaluation method
is used to evaluate vk.

Calculate the quality risk effect value of credit, pro-
ductive, and supply-demand quality risk factors of the first-
to fourth-level nodes according to (21), among which the
largest one is the key quality risk factor.

6. Numerical Simulation and Analysis

Based on the quality risk propagation model constructed in
Section 4 and the method of identifying the key quality risk
factors given in Section 5, this part analyzes the quality risk
propagation and the key quality risk factors of complex
product collaborative manufacturing supply chain network
by numerical simulation, in order to verify the effectiveness
of the model and method. According to the characteristics of
quality risk propagation and key quality risk factors of
different level nodes, quality risk management strategies are
proposed.

6.1. Numerical Simulation. Construct a supply chain net-
work with sixteen nodes. /e network consists of eight parts
suppliers (first-level nodes), numbered 1 to 8; four

component suppliers (second-level nodes), numbered 9 to
12; three first-tier suppliers (third-level nodes), numbered 13
to 15; and one main manufacturer (fourth-level node)
numbered 16. Its topology structure is shown in Figure 7.

Select the three types of quality risk factors from Section
4.2: credit, productive, and supply-demand quality risks in
Ak, Bk, andCk. Each type includes three subrisk factors in
akj, bkj, and ckj. On the basis of the supply chain network,
quality risk factor and subrisk factor nodes are added. Each
enterprise node is connected with three quality risk factor
nodes, and each quality risk factor node is connected with
three subrisk factor nodes. /e structure of supply chain
quality risk propagation network is the same as that in
Figure 6. According to (20), the quality risk propagation
coefficient matrixes of enterprise nodes are shown in
Tables 4–6.

Eighteen supply chain management and quality man-
agement experts from six complex product manufacturing
enterprises were investigated with the Delphi method, and
the fluctuation level of risk factors at all levels was deter-
mined according to the consulting results, which are shown
in Tables 7–10.

6.2. Analysis of Quality Risk Propagation. Calculate the
quality risk fluctuation level of each enterprise node
according to (8). /en, add the quality risk fluctuation level
of enterprise nodes at the same level from the first to the
fourth, as shown in Figure 8.

Figure 8 shows the distribution of quality risk fluctuation
in supply chain network./ere exists quality risk fluctuation
in all levels of nodes, of which the total quality risk fluc-
tuation of the first-level node is the highest, and that of the
fourth-level node is the lowest. /is is consistent with the
actual situation of complex product collaborative
manufacturing supply chain network. In recent years,
complex product quality accidents are mainly invited by the
quality defects of components and parts, rather than the
quality problems caused by the main manufacturer’s
product design and assembly. As the core node of supply
chain network, the main manufacturer has strict quality
management and stable quality output. /e number of parts
suppliers is large, and their product lines are quite different.
Moreover, the technical level of parts suppliers is relatively
low, so it is difficult to achieve zero defect quality control,
serving as catalyst for the great fluctuation of quality output.
/erefore, the quality risk of parts suppliers is the focus of
quality management of complex product collaborative
manufacturing supply chain.

Using (18), calculate the propagation quantity of quality
risk fluctuation from lower-level enterprise nodes to upper-
level enterprise nodes, as shown in Figure 9.

As is shown in Figure 9, the propagation quantity of
quality risk fluctuation between the adjacent level nodes
decreases step by step, and the quantity of quality risk fluc-
tuation propagation from the first- to second-level nodes is
the largest. /is is mainly because the number of lower-level
nodes connected by secondary nodes is the largest, which is
greatly affected by the quality risk of horizontal propagation
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of lower-level nodes. /erefore, how to reduce the impact of
the first-level nodes on the product quality of subsequent
nodes is also an important issue in the quality management of
complex product collaborative manufacturing supply chain.

6.3. Analysis of Key Quality Risk Factors. According to (21),
the risk effects of three types of quality risk factors at each
level are calculated, as shown in Figure 10.

As can be seen from Figure 10, there are significant
differences in the risk effect of quality risk factors for different
levels of nodes./e key quality risk factor of first- and second-
level nodes is productive quality risk, the difference of risk
effect of three kinds of quality risk factors of the third-level
nodes is small, and the key quality risk factor of fourth-level
nodes is credit quality risk./is result is in line with the actual
situation of complex product collaborative manufacturing
supply chain network. Parts suppliers and component sup-
pliers are subordinate in the supply chain network, which are
responsible for completing the production tasks assigned by
the upper-level nodes./e quality risk mainly comes from the
production process./erefore, the impact of these enterprises
on the quality risk of the final product is mainly caused by the
productive quality risk. /e first-tier suppliers connect with
the lower-level nodes and the main manufacturer, playing a
pivotal role. /ey not only need to complete the production
and assembly tasks but also participate in the product de-
velopment, project management, and other businesses. /eir
productive, credit, and supply-demand quality risks have a
significant influence on the final products. /e main man-
ufacturer is in the core position of the supply chain network,
leading the process of product design, enterprise coordina-
tion, final assembly, etc. /e quality risk mainly comes from
the supply chain management process, so the key quality risk
of the final product is credit quality risk.

6.4. Quality Risk Management Strategies of Complex Product
Collaborative Manufacturing Supply Chain Network.
Based on the research and numerical simulation results of
this paper, the quality risk control strategies are proposed
from all levels of the complex product collaborative
manufacturing supply chain network:

(1) Parts Supplier. /e key quality risk factor of the first-
level nodes is the productive quality risk, which
should be the management focus of parts suppliers,
including material risk, production failure risk, and
production management risk. /e specific strategies
are as follows. First, strictly manage material pur-
chasing and using process to ensure that the quality
of raw materials is reliable and in line with product
design standards. Second, it is of benefit for parts
suppliers to regularly overhaul equipment to ensure
its normal operation and timely eliminate old
equipment to avoid quality accidents caused by
production failure. /ird, strengthening the quality
training of personnel is also crucial, including the
cognition of quality standard system and the im-
provement of skill level. Besides, consummate the
quality incentive and restraint mechanism and im-
prove the quality risk awareness of employees.

(2) Component Supplier. /e key quality risk factor of
the second-level nodes is productive quality risk, so
the quality risk that component suppliers need to

Table 3: Classification of fluctuation level of subrisk factors.

Fluctuation level Description of subrisk factor status vk

Extremely low Little fluctuation 1∼2
Low No significant fluctuation 3∼4
Medium Significant fluctuation 5∼6
High Large fluctuation 7∼8
Extremely high Extremely large fluctuation 9∼10

1

2
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4

5

6

7

8
12

11

10

9

13

14

15

16

Figure 7: Supply chain network.

Table 4: Quality risk propagation coefficient matrix of the first-
level to second-level nodes.

Node 9 10 11 12
1 0.3333 0.2222 0 0
2 0.3333 0.2222 0 0
3 0.5000 0.3333 0.4286 0
4 0 0.2222 0.2857 0
5 0 0.2222 0.2857 0
6 0 0 0.2857 0.3333
7 0 0.2222 0 0.3333
8 0 0 0 0.1667

Table 5: Quality risk propagation coefficient matrix of the second-
level to third-level nodes.

Node 13 14 15
9 0.3333 0.2857 0
10 0.5000 0.4286 0.6000
11 0.3333 0.2857 0
12 0 0.2857 0.4000

Table 6: Quality risk propagation coefficient matrix of the third-
level to fourth-level nodes.

Node 16
13 0.1667
14 0.1667
15 0.1667
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focus on management is also productive quality
risk. /e propagation quantity of quality risk
fluctuation from the first-level nodes to the second-

level nodes is the largest. /erefore, component
suppliers need to be alert to the quality risk
propagated by parts suppliers through collaborative

Table 7: Scoring results of subrisk factors of the first-level nodes.

Node
Subrisk factors

a11 a12 a13 b11 b12 b13 c11 c12 c13

1 3 4 9 6 6 9 10 2 10
2 1 2 7 5 2 1 7 8 1
3 8 6 8 10 7 6 10 4 2
4 1 2 7 7 10 7 1 9 1
5 7 9 4 10 6 6 6 4 3
6 5 7 6 6 5 5 2 1 1
7 3 9 9 9 8 4 6 3 7
8 7 8 1 5 1 7 7 1 6

Table 8: Scoring results of subrisk factors of the second-level nodes.

Node
Subrisk factors

a21 a22 a23 b21 b22 b23 c21 c22 c23

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

Table 9: Scoring results of subrisk factors of the third-level nodes.

Node
Subrisk factors

a31 a32 a33 b31 b32 b33 c31 c32 c33

13 5 10 9 6 3 7 8 3 2
14 10 4 3 10 1 4 4 10 5
15 10 3 2 5 10 7 7 8 7

Table 10: Scoring results of subrisk factors of the fourth-level nodes.

Node
Subrisk factors

a41 a42 a43 b41 b42 b43 c41 c42 c43

16 10 6 7 7 10 2 5 4 7
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Figure 8: Total quality risk fluctuation of the first-level to the fourth-level nodes.
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relationship. On the basis of understanding the
production technology level of parts suppliers, they
should carefully establish collaboration relationship
and eliminate parts suppliers with low product
quality standards and large quality fluctuation, in
order to improve the stability and efficiency of
collaboration and reduce the propagation of quality
risk along the supply chain. According to the law of
quality risk propagation in the complex product
collaborative manufacturing supply chain network,
if the component suppliers can effectively control
the horizontal quality risk propagation by parts
suppliers, the risk propagation to the upper-level
enterprises can be greatly reduced, which is of great

significance to reduce the overall quality risk level of
the network.

(3) First-Tier Supplier. /e risk effect of three types of
quality risk factors of the third-level nodes is very
close, and the three types of quality risk factors
should all be paid attention to. /e first-tier supplier
and the main manufacturer have direct task docking
and collaborative communication. /ey play a piv-
otal role in the supply chain network. /erefore, its
stable quality output is of great significance to ensure
the quality of final products. First-tier suppliers can
sign long-term contracts with collaborative enter-
prises to establish stable collaborative relations. At
the same time, they should improve the information
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Figure 9: Quantity of quality risk fluctuation propagation.

A1 B1 C1 A2 B2 C2 A3 B3 C3 A4 B4 C4

Q
ua

lit
y 

ris
k 

eff
ec

t

Credit quality risk

Productive quality risk

 Supply-demand quality risk

0.5

0

1

1.5

2

Figure 10: Quality risk effect.
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transparency to achieve the consistency of collabo-
ration goals and collaboration progress.

(4) MainManufacturer. /e key quality risk factor of the
fourth-level node is credit quality risk, so the main
manufacturer needs to focus on managing credit
quality risk, including capability risk, reputation risk,
and organization coordination risk. /e main
manufacturer can adopt the following management
strategies. First, convey the expected quality objec-
tives of the final product to the suppliers, understand
the quality objectives that the suppliers can achieve,
and determine the quality contract that conforms to
the capabilities of all parties. Second, the main
manufacturer should clarify the rights and obliga-
tions of partners, formulate relevant flexible con-
tracts to standardize the behaviours of all parties,
improve the recognition of suppliers, and maintain a
stable collaborative relationship with suppliers.
/ird, the strategic objectives should be coordinated
with those of supply chain and suppliers as much as
possible, so as to reduce the uncertainties in the
implementation of the strategy and enhance the
consistency of objectives with partners. Fourth, the
main manufacturer can lead the construction of
efficient and fast information propagation network,
thus forming a stable and reliable communication
mechanism with timely information feedback. On
this basis, establish a quality risk early warning
system of supply chain, with fluctuation threshold of
quality risk set for suppliers and dynamic quality risk
analysis carried out. If the analysis result exceeds the
threshold value, the risk source should be found in
time and measures are supposed to be taken to
control the quality risk from the source.

7. Conclusions and Future Work

Based on the CN and the SoV, this paper constructs the
quality risk propagation model of complex product col-
laborative manufacturing supply chain network and quan-
titatively analyzes the quality risk propagation process. We
find that the quality risk propagation of complex product
collaborative manufacturing supply chain network includes
the vertical propagation within the enterprises and the
horizontal propagation from the lower-level enterprises to
the upper-level enterprises. Quality risks are accumulated in
the process of propagation. /e quality risks of an enterprise
are determined by its own quality risk factors and the quality
risk propagation from the lower-level enterprises of the
supply chain. On the basis of this model, a method to
identify the key quality risk factors is given, which provides
decision-making basis for controlling quality risks and
improving product quality level.

/is study provides a new method for the quantitative
study of quality risk propagation in complex product col-
laborative manufacturing supply chain, but there still exist
some limitations. First of all, due to the limited conditions,
no real quality risk data of complex product collaborative
manufacturing supply chain network are used. Secondly, in

the quality risk propagation model, the influence of the
relationship between enterprises on the quality risk prop-
agation is not considered. In addition, the risk resistance of
supply chain network nodes can be studied in the future, so
as to put forward more targeted quality risk management
strategies.
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