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ABSTRACT To study the variation in resource allocation efficiency in a cloud 3D printing (C3DP)
manufacturing grid, C3DP taskmodeling for a complex networkmodel was established based on the dynamic
coupling of nodes, taking cloud manufacturing resource characteristics such as distribution and diversity into
account. Based on this idea, we propose an architecture of C3DP task modeling for complex networks based
on the dynamic coupling of nodes. First, the model calculates the initial tasks and services by evaluating
the quality of the manufacturing resources, and then, according to the strength of the correlations among
various tasks and among services and tasks, a multiplex network model based on cloud tasks and services is
constructed. Then, according to the description and its constraint structure definition of the C3DP order tasks,
by using the intercept method for complex networks, this paper identifies the work breakdown structure of
coupling task sets, simplifies the optimization process, and proposes a C3DP order task (C3DPOT) network
modeling method. Third, on the basis of the formal description of C3DP service resources, an architecture
of C3DP order task methods for complex networks based on the dynamic coupling of nodes is proposed.
Finally, a Service_Net model example is designed to verify the feasibility of the method.

INDEX TERMS Complex networks, manufacturing resource services, service-oriented manufacturing
(SOM), cloud 3D printing, work breakdown structure, dynamic coupling of nodes.
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I. INTRODUCTION
Manufacturing (MFG) is undergoing rapid changes, along
with the rapid development of information technology
and other related technologies. Numerous demand-driven
and technology-driven factors have prompted current MFG
to become agile, networked, service-oriented, green, sus-
tainable and social [1]. To enable the MFG industry
and its corresponding MFG enterprises to adapt to these
changes, and to support the improvement of the informa-
tization degree, innovative product design and produc-
tion, and the efficient use of resources, a number of
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advanced MFG modes and systems (AMSs) have been
proposed in recent years [2]. These include flexible
MFG, computer-integrated MFG, agile MFG, sustainable
MFG, networked MFG, service-oriented MFG, and cloud
MFG(CMfg) [5]. In particular, when the quantity of
customer orders is large or urgent, these service providers’
resources and capabilities cannot meet the needs of
customers. Aiming at achieving creative innovation design
and product customization, a multiple-variety, small batch
and older (MSO) model with a market orientation is
proposed [6], [43]. At the same time, 3D printing service
providers have used the Internet to connect users who form
various links in the industrial chain [7]. Customer require-
ments are integrated into large orders and then decomposed
into small tasks, or decentralized design resources (such as
Maker) are integrated into cloud design and design tasks are
assigned.

Cloud 3D printing services (C3DPSs) involve many indus-
tries, types of knowledge and data scales, and there are
problems with understanding ambiguity and nonstandard ter-
minology in natural language descriptions [9]. At present,
the format of the exchange between these services’ and the
order tasks’ information in cloud 3D printing (C3DP) is not
uniform, which affects the efficient processing of order tasks
and service matching in C3DPS platforms [8]. To address
the ambiguity in the services’ and order tasks’ information,
complex and heterogeneous resources are required alongwith
unified descriptions and modeling. The process of executing
a C3DP order task (C3DPOT) can be regarded as perform-
ing a series of C3DPSs that are combined according to a
certain schedule and logical relationship to complete the
corresponding MFG task activity. It is an organic collection
of the services’ and tasks’ active objects (such as the order
type, processing steps, delivery time, and product material)
based on time, information, and physical flow. The architec-
ture of C3DP tasks and services is the basis for information
monitoring and processing in the process of executing order-
driven C3DP tasks [11]. This order task and service model
can formally represent the information of such tasks and
effectively integrate and manage the data of services and
MFG tasks. Additionally, the information description in each
stage of the C3DPOT execution process is not only a for-
mal semantic description of the equipment resources needed
but also a potential source of sensitive information such
as semantic descriptions and knowledge discovery, match-
ing and combination. The use of an online store, reason-
ing, queries, and access to the knowledge and informa-
tion of the formally defined task knowledge and data of a
C3DPS order is the basis for constructing the C3DPS
platform.

CMfg is based on the concept of ‘‘manufacturing as a
service’’ and is a new concept originating from cloud com-
puting [12]. The enabling technologies of CMfg include task
allocation, trust evaluation technology, and personal-
ized knowledge service technology. At present, scholars
around the world mainly focus on the static matching

problem of CMfg supply and demand for quantitative
research. The static matching of supply and demand mainly
includes the selection of CMfg services and the schedul-
ing of MFG tasks [13]. However, a 3D printing service
provider operates in a market-driven order production
mode, and dynamic demand has always been dominant in
production.

C3DP is based on the emerging cloud manufacturing
services of ‘‘manufacturing on demand’’ and ‘‘manufactur-
ing as a service’’. It applies to the additive manufacturing
industry, which has achieved the rapid response of printing
services and the efficient and energy-saving use of print-
ing resources and is progressing toward better networked
printing [3]. Therefore, a C3DP business involves the inte-
gration of 3D printer equipment resources based on the
Internet, the construction of roaming and shared printing plat-
forms, and a superior form of networked printing. Therefore,
a C3DP business uses quality-standardized printing services
in a roaming and shared printing platform that has been
integrated with 3D printing equipment resources based on the
Internet, which an entire society can use at any time and place
[14].

There are few studies on supply dynamics, and they have
mainly focused on describing uncertainties in supply and
demand and on building different types of global dynamic
service matching models and optimization algorithms for
dynamic service matching resources [4]. Because C3DPS
supply and demand matching is a dynamic service matching
method of multistage services, the dynamic matching prob-
lem of supply and demand cannot address actual dynamic
demand.

C3DP order tasks are part of the on-demand work flow
process of task allocation in the CMfg mode; that is, they
meet the needs of a certain C3DPS so that customers can
publish printing tasks to the cloud platform of a cloud
service provider through various terminals (e.g., 3D scan-
ning, 3D design, calculation simulation, quotation calcu-
lation, slice processing, 3D printing, surface processing,
warehousing services, and logistics distribution) [8]. Here,
the requirements of the C3DP order task are reflected in the
heterogeneity of different DD workshops and different order
tasks. In short, C3DP order tasks enable distributed cus-
tomers to customize printing services in the C3DPS plat-
form. The system makes a judgment according to the region
and the nature of the order and decomposes a large order
into multiple offline DD printing workshops to perform
granular tasks. At the same time, the cloud collaboration of
the C3DP task scheduling is dispatched to the best printer
[8].

Therefore, considering the aforementioned characteristics,
to ensure the quality and efficiency of MFG services in
cloud environments, the main contribution of this work is
a descriptive model of C3DPSs, which easily matches the
demand for MFG tasks directly on the demand side, thereby
achieving service transactions [15]. However, the probabil-
ity of these services being invoked individually is small,
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especially considering the personalized design requirements
of innovative and creative products over the whole prod-
uct life cycle. Based on this idea, the best group of ser-
vices is usually selected and combined with other services
[16]. Considering that the MFG service description model
in the traditional cloud MFG service portfolio can only be
matched with MFG task requirements, a C3DPS network
is proposed that can create a self-organizing cluster among
C3DPS resources.

To handle the dynamic characteristics of C3DPOTs,
we propose a C3DP task modeling method based on order-
driven considerations. In this modeling method, a multiplex
network model based on C3DP task services (T_S_Network)
is proposed, which includes an order task network (T_Net)
and a service network (S_Net). It consists of multiple associ-
ations among services and services, tasks and tasks, and ser-
vices and tasks. In the C3DPOT network modeling process,
order task-related semantic information can be expressed by
the domain ontology modeling method. Additionally, it can
be better to reuse the semantic description and semantic
knowledge. Finally, an example is given to verify the feasi-
bility of the multiplex C3DP task network model.

II. MODELING OF A MULTIPLEX NETWORK BASED ON
C3DP TASK SERVICES
A. THE DYNAMIC SCHEDULING CHARACTERISTICS OF
THE TASK-SERVICE NETWORK
A task-service network refers to a model that includes a
MFG network and MFG task network model based on
a complex network in a C3DP environment, according to
a digital description of the services and tasks [17]. A task-
service network is a network derived from the theory
of complex networks and C3DP, so it has the following
characteristics:

1) RELEVANCE
When the users’ order tasks have been submitted to this
platform, they are decomposed into a certain number of gran-
ular atomic tasks through the service demand decomposition
module. For example, a certain type of artistic sculptureMFG
task can be decomposed into six tasks-conceptual design
tasks, three-dimensional modeling tasks, simulation calcula-
tion tasks, 3D printing tasks, post-processing tasks, and logis-
tics tasks—according to different conditions and constraints
[21]. These tasks and services use semantic information and
domain knowledge. There is a relationship between tasks and
services, and the decomposed atomic tasks inherit the basic
task information of the parent task [18]. Therefore, the task-
service nodes are also associated with the task-service
network.

2) MULTIPLE COMPLEXITY
The task-service network includes a T_Net and an S_Net .
The T_Net is composed of several subtask networks
(G1,G2,G3, . . . ,Gm). In the task-service network, nodes

can represent anything; there are great differences in the
content, constraints, quality requirements and connection
weights among nodes [19]. For example, the task network is
composed of several single atomic tasks according to order
task relationships, and a service network node represents a
single resource for C3DPSs based on a complex network.
Therefore, a task-service network has a large number of nodes
and various node types; this network structure also exhibits
the complexity of multiple networks.

3) NODE CLUSTERING
A task-service network also tends to exhibit clustering. For
example, the C3DPS selection set contains candidate basic
services that can complete atomic tasks tp. Each candidate
basic set is composed of several of the same types of services
[20].

4) UNIQUENESS
A newly added node can be described accurately and does not
conflict with the existing nodes in the task-service network.
In the description process for the dynamic coupling of nodes,
it is necessary to ensure that the semantic descriptions of
similar nodes are unique and that there is only one description
of each node.

B. THE WORK BREAKDOWN STRUCTURE IN THE
MULTIPLEX NETWORK MODEL
The working principle of a C3DP task service network is
to aggregate tasks in atomic task sequences, which means
that data is mapped to resources and order tasks of different
granularities, and an optimal service composition scheme
for candidate C3DPS sets is generated [22]. Fig. 1 shows
a diagram of the customized enterprise order conversion
process.

FIGURE 1. Diagram of the customized enterprise order conversion
process.

Based on this fact, the work breakdown structures in the
aggregation and optimization of C3DPOTs are mathemati-
cally described as follows:

1) TASK DECOMPOSITION AND EXPRESSION
The submitted MFG task is decomposed into a number of
atomic tasks tp with a certain granularity through the service
demand decomposition module by the service demand side
to yield a set of atomic tasks p = (1, 2, . . . , c), where c is the
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number of atomic tasks.

T = {t1, t2, . . . , ti, . . . , tp} (1)

It can also be decomposed into several fine-grained MFG
tasks t jp according to its task type, which can be expressed as:

tp = {t1p , t
2
p , . . . , t

j
p, . . . , t

n
p }, (2)

where t jp represents the j-th MFG task of tp, which is
decomposed according to the task type, where j =

(1, 2, . . . , n) and nis the number of MFG task types [23].
Fig. 2 shows a diagram of the C3DP order atomic task
sequence.

FIGURE 2. Diagram of the C3DP order atomic task sequence.

2) DESCRIPTION OF THE CANDIDATE SERVICE SEQUENCE
The C3DPOT sequence set A is composed of several services
in the C3DPOT platform, namely:

A =


0 t12 · · · t1N−1 t1N
t21 0 · · · t2N−1 t2N
...

...
. . .

...
...

tN−11 tN−12 · · · 0 tN−1N
tN1 tN2 · · · tNN−1 0

, (3)

whereA is a directed graph that can be represented by amatrix
that flows from the first node to the N-th node, as shown.

FIGURE 3. Diagram of the C3DPS sequence.

For an atomic task sequence, the corresponding candidate
C3DPS sequence is generated as follows:

tij→ WSij = {WS jp1 ,WS
j
p2 , . . . ,WS

j
pm}, (4)

where WS jp is a candidate C3DPS set for atomic tasks.
Fig. 3 shows a diagram of the C3DPS sequence.

From the above formulas, the relationship between the
atomic tasks is generated by the order demand decomposition

and the corresponding candidate C3DPS sets [13]. The
dynamic coupling of the nodes in the C3DPS portfolio is
shown in Fig. 4.

FIGURE 4. Diagram of the dynamic coupling of the nodes in the C3DPS
portfolio.

A candidate C3DPS set can perform many kinds of MFG
tasks.

From the above information, we can see that a C3DPS
portfolio matrix can be expressed as:

WS1p1 · · · WSmpn

M =

t1P1
...

tnPn

WS
1
p1 · · · WSmp1

· · ·
. . . · · ·

WS1pn · · · WSmpn

 , (5)

3) THE TASK-SERVICE NETWORK MODEL
There are two types of nodes and three types of edges in the
task-service network model for C3DP. Specifically, the two
types of nodes are expressed as follows:

1. Service nodes are abstracted from various resources
and capabilities in C3DP MFG and are represented as
service nodes in the S_Net;

2. In the C3DPS public platform, a task node can perform
an order task in real-time operation in the T_Net , and
it is represented as:

Definition 1 (Superedge): Assume T_Net is a finite set.
Then

1) ei 6= 8(i = 1, 2, . . . ,m), (6)

2)
m⋃
i=1

ei = V , (7)

where H = (V ,E) refers to the binary relation of a hyper-
graph [25];
v1, v2, . . . , vn refers to nodes in the hypergraph that are

elements of V ;
ei = {e1i , e

2
i , . . . , e

j
i} (i = 1, 2, . . . ,m; j = 1, 2, . . . , n) is

called the edge of the hypergraph or the hypergraph edge.
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In addition, these correlations are constructed as hyper-
graph edges in the networks S_Net and T_Net . Therefore,
the three types of edges are expressed as follows:

a. The edges of service nodes in S_Net can be represented
asES ;

b. The edges of task nodes in T_Net can be represented
as ET ;

c. The edges of service and task nodes in S_Net and
T_Net can be represented as ES_T .

For these service requirements, the key principle is to
match a candidate C3DPS set and the atomic task in the
business process of all sequences, and the best service is
then selected from the candidate C3DPS set in the C3DPS
portfolio [12], [27]. Based on the relationships among these
nodes, a multiplex network based on C3DP task services is
formed. Fig. 5 shows the multiplex network based on C3DP
task services.
ES_T are the superedges (logical relationships)

between task network nodes and service network nodes in
the C3DP task-service network; ET is an edge between
a C3DPOT node and a C3DPOT node; and ES is an
edge between a C3DPS node and a C3DPS node [28],
[29].

FIGURE 5. The multicomplex network based on C3DS task services.

III. THE METHOD OF C3DPOT NETWORK MODELING
The digital description of a C3DPOT is supported by a unified
semantic expression and by data for C3DPOT decompo-
sition and C3DPS matching. Therefore, network modeling
and description are key steps in the implementation of the
C3DPS task execution process [30], [31]. However, there are
some great differences between C3DPOT nodes and C3DPS
nodes. In view of this, this paper proposes a method of
C3DPOT network modeling in which a semistructured data
process converts C3DPOT ontological semantic information
into an Ontology Web Language for Services (OWL-S),
and semistructured data are encapsulated with the model-

ing method of the C3DPOT network, that is, the seman-
tic description of document nodes and link attributes
[32].

A. C3DPOT DESCRIPTION AND THE DEFINITION OF ITS
CONSTRAINT STRUCTURE
Not only does the C3DPOT information model have dynamic
characteristics, but it is also limited to basic task informa-
tion. For this reason, this paper constructs a model of the
C3DPOT description and gives C3DPOT information frag-
ments based on OWL-S [33]. Fig. 5 and Fig. 6 show the
model of the C3DPOT description and task information frag-
ments. The information model can be described as a triple, as
follows:

C3DS_Task ::= {Task_Info, Subtask_Set,Relation_Set},

(8)

where Task_Info represents the total information of the
C3DPOT; Subtask_Set represents the C3DPOT activity col-
lection; and Relation_Set represents the C3DPOT activity
relation set.

The described elements of the C3DPOT information are as
follows:

1) THE TOTAL INFORMATION OF THE C3DPOT
The total information of the C3DPOT is expressed in triple
form as follows:

Task_Info ::= {Task_StaticInfo,Task_DynamicInfo,

Task_QoSReq}, (9)

where Task_StaticInfo represents the description of the
C3DPOTs’ static information;
Task_DynamicInfo represents the description of the

C3DPOTs’ dynamic information; Task_QoSReq represents
the quality of service (QoS) requirements for C3DP order
tasks.

1. Description of the C3DPOTs’ static information
(Task_StaticInf )
The main function of Task_StaticInf is described by

the C3DPOTs’ basic information [34], [35]. According to
the characteristics of the C3DPOT, Task_StaticInf can be
expressed as the following seven-tuple:

Task_StaticInf ::= {Task_Id, Task_Name,

Task_ContentTask_Type, Task_PropertyList, (10)

where Task_Id is the ID of the C3DPOT;
Task_Name is the name of the C3DPOT;
Task_Content indicates the complete content of the

C3DPOT;
Task_Type is the type of the C3DPOT, such as the design,

integrated service, MFG, simulation, or logistics category
[36];
Task_PropertyList represents a custom attribute set of the

C3DPOT, which mainly includes the structure, behavior, and
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function information of the C3DPOT, such as the task owner,
the task number, and the task batch;
Other indicates other tasks’ static information.
2. Description of the C3DPOTs’ dynamic information

(Task_DynamicInfo)
Task_DynamicInfo can be expressed as the following five-

tuple:

Task_DynamicInfo ::= {Task_Id,Task_Schedule,

Task_Duration,Task_Status,Other}, (11)

where Task_Schedule represents the execution progress infor-
mation of the C3DPOT;
Task_Duration represents an execution time period of the

C3DPOT;
Task_Status indicates the status information of the

C3DPOT, such as normal, paused, or terminated;
Other indicates other task dynamic information.
3. The description of the C3DPOTs’ QoS Request

(Task_QoSReq)
Task_QoSReq mainly includes the time, cost, quality and

other requirements for C3DPOT execution and can be repre-
sented as the following five-tuple:

Task_QoSReq ::= {Task_Id,Task_Time,

Task_Cost,Task_Quality,Other}, (12)

where Task_Time indicates the time when the order task is
executed;
Task_Cost indicates the C3DPOT execution cost;
Task_Quality indicates the C3DPOT execution quality;
Other indicates the other C3DPOTs’ execution informa-

tion.

2) THE C3DPOT ACTIVITY COLLECTION (Subtask_Set)
Subtask_Set refers to a larger order task that is decomposed
into several C3DP atomic tasks with different granularities
according to the task type, activity object feature information
and service constraints [37], [38]. The formal description of
the C3DP order activity is as follows:

Subtask_Set ::= {ActQoSReq,ActFeature,ActServReq},

(13)

where ActQoSReq represents a subset of the activity service
quality requirement information of the C3DP task, which is
consistent with the description form of Task_QoSReq;
ActQoSReq represents the characteristics of an active

object, which refers to the representation attributes, technical
attributes, functional attributes, etc.;
ActServReq represents a collection that meets the activity

requirements.

3) THE C3DPOT ACTIVITY RELATIONSHIP SET (Relation_Set)
Relation_Set refers to the mapping set of logical sequential
relationships between the task activities of a C3DP order,

such as the serial connection, parallelism, selection, and cou-
pling of various activities in the complex product collabora-
tive development process [39].

FIGURE 6. The knowledge ontology description model of the C3DP order
task.

B. THE PROCESS OF CONSTRUCTING A C3DPOT
NETWORK
Taking a 3D portrait printing service as an example of con-
structing a C3DPOT network, the fashionable and customized
3D human portrait printing product is made of colored plastic,
and the printing precision has certain requirements. Regard-
ing the materials used, 3D human portrait printing products
are currently made of gypsum, plastic, food materials and
other materials. In the early stage of image printing products,
the printing demand was divided into six subtasks: 3D mod-
eling, portrait scanning, cartoon image design and modeling,
3D portrait printing, surface post-processing, and coloring
[40]. Fig. 7 shows the 3D portrait printing task decomposition
diagram.

FIGURE 7. The 3D portrait printing task decomposition diagram.

In the C3DPOT network, the nodes and the connected
edges represent the most basic principles. To simulate a com-
plex order task network, the construction of the C3DP order
model should be studied first. The main components are as
follows:
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1) THE SELECTION OF NODES
It is obvious that the order task units (such as portrait scan-
ning, cartoon image design and modeling, model slicing, 3D
portrait printing, surface post-processing, and coloring) in
C3DP are nodes of the C3DPOT network. Although the types
of order tasks in C3DP are different, the assumed roles are
also quite different. Additionally, in the semantic description
process of C3DP order tasks, all the task units are processed
into task nodes [41].

In view of this, the selection process of nodes should be
analyzed. The details are as follows:

First, the OWL-S order task unit data in the network are
abstracted into nodes with directed graphs and transformed
into an nth-order matrix.

Assuming that the distance of the source node SID is ds,
the expression of the nth-order matrix A is:

A =



0 1 0 0 1 0 0 0 0
1 0 1 1 1 0 0 0 0
0 1 0 1 1 1 1 1 1
0 1 1 0 1 0 0 0 0
1 1 1 1 0 0 0 0 0
0 0 1 0 0 0 1 1 0
0 0 1 0 0 1 0 1 0
0 0 1 0 0 1 1 0 1
0 0 1 0 0 0 0 1 0


, (14)

where aij indicates whether there is a join between two nodes.
If the edge is not connected, the corresponding matrix ele-
ment is 0; otherwise, it is 1.

Second, we calculate the proper vector weight.
If the weight of a proper word isft , the weight of each

characteristic word’s proper vector in the unit data Wi is
calculated as follows:

Wi = σ × µ× ft × log(l + 1), (15)

where σ is the weighting coefficient of the location of the
characteristic words;µ is the weighting coefficient of seman-
tic analysis; ft is the frequency of each keyword in the order
task unit data; and lis the distance between the key character-
istic words.

Third, the pair sets and concepts in the nodes are con-
structed.

According to the constraints, a pair’s sets and concepts
among the must-link nodes are compared to the pair’s sets
and concepts among the cannot-link nodes. On this basis,
it is also determined whether the must-link nodes satisfy the
above extended conditions, and the extent of prior knowledge
is calculated.

The constraint of must-link nodes Cml , ∀Vi,Vj ∈

V , (Vi,Vj) ∈ Cml , indicates that node Viand node Vjbelong
to the same type of network nodes. The intermediate values
between the nodes that meet this constraint are recorded as 0.

The constraint of cannot-link nodes Ccl , ∀Vi, Vj ∈ V ,
(Vi,Vj) ∈ Ccl , indicates that node Vi and node Vj do not
belong to the same type of network nodes. The intermedi-

ate values between the nodes that meet this constraint are
recorded as +∞.

According to these constraint rules, all C3DPOT unit data
concepts C = (C1,C2, . . . ,Cn) can be constructed. Here,
they are selected and calculated from the important concepts
Ci, and the expression is as follows:

∪Ci.g = Ci ∪ Ci.m = M , (16)

where M is the set of concepts; Ci is the i-th concept of C =
(C1,C2, . . . ,Cn); Ci.g is an object in Ci; Ci.m is the attribute
to which the concept set of C3DPOT unit data belongs; g
represents the object concepts; and G represents the set of
object concepts.

If C(g,m)Ci.g = ∅ and Ci.m = ∅, then

a. If Ci.g + Cg < G and Ci.m + C.m < M ,then C.g =
C.g+ Ci.g and C.m = Ci.m+ C.m;

b. If Ci.g+ C.g < G or Ci.m+ C.m < M , then the nodes
are calculated by cycle and extracted from the set of all
concepts.

Therefore, the features of all concepts are charted and
normalized in the C3DPOT unit data, and these data are
sequentially abstracted into a directed graph. The normalized
calculation formula is as follows:

C̄i =
Ci
||Ci||

=
Ci[

(C1
i )

2 + (C2
i )

2 + . . .+ (Cm
i )

2
]1/2 (17)

where Ci is the i-th concept and Cm
i is the first concept with

a sememe, which is the smallest unit of meaning used to
describe a concept. For example, attributes can be expressed
as ‘‘attributes’’, entities can also be called ‘‘entities’’, etc.

Finally, the distance measurement between node pairs is
calculated.

X is the first concept, and X is the i-th concept with a
sememe.

Finally, the distance metric between pairs of nodes is cal-
culated.

The distance measurement according to the smoothing
hypothesis between concepts is calculated as follows:

dci,cj = ||C̄i − C̄j||A =
√
(C̄i − C̄j)TA(C̄i − C̄j), (18)

whereCi is any concept with unit data in the C3DPOT; dci,cj is
a smoothing hypothesis distance between Ci and Cj.

2) THE FORMATION OF THE HYPERGRAPH EDGE
In the C3DPOT network, the edges of each node are deter-
mined by the existence of a timing constraint relationship
between MFG tasks. Similarly, the edges in the C3DPOT
network represent the logical structure and dependencies
between nodes [42]. In a real network, there is not only
one edge between two nodes, which allows one node to be
associated with several nodes and then indirectly connected
to achieve information exchange between nodes.
Definition 2 (Adjacency Matrix): An = [aij] refers to the

matrix that describes the adjacency relationship of abstract
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TABLE 1. Boolean design framework matrix based on the 3D portrait
printing order MFG task.

business processes.

aij =

{
1 i and j are adjoined
0 i and j are no-adjoined,

(19)

where aij represents a path between nodes. If aij = 1, then
there is a path between the corresponding nodes; aij = 0
means that the nodes are not connected.

Therefore, the adjacency matrix of the C3DPOT network
is described to determine whether there are associations
between the tasks in the 3D portrait printing task, and it
is transformed into a 6th-order Boolean design framework
matrix. An example diagram is shown in Table 1.

Fig. 8 shows the abstracted business process diagram. The
diagram is composed of a set of vertices and a set of edges
that represent the 6th-order task vertices in a two-dimensional
array, and the adjacency matrix is expressed as:

FIGURE 8. The abstracted business process diagram.

According to this adjacency matrix, a T_Net model is con-
structed for the 6th-order task vertices in a two-dimensional
array of the MFG task of the 3D human portrait printing
product, as shown in Fig. 9.

3) THE OTHER ELEMENTS OF NETWORK FORMATION
A complex network also involves directions, edge weights
and other elements. In the business process decomposition of
MFG tasks, the C3DPO tasks are decomposed layer by layer,
and the work content and scope of each layer are determined.

FIGURE 9. The T _Net model diagram.

However, there are dependency relationships among nodes
in the network and in each layer. Therefore, the complex
network model of the C3DPOT is a directed network graph.

C. THE MODEL OF THE C3DPOT NETWORK
The purpose of the digital description of a C3DPOT is mainly
to search and match MFG tasks and printing services. There-
fore, the specific information in the MFG task description
model should correspond to each part of the C3DPS descrip-
tion model. In view of this, the modeling-oriented MFG task
description is extended as follows: Taking a user-submitted
MFG task as an example, the MFG task is decomposed into
several 3D printing order subtasks tp, p = (1, 2, . . . , c),
where c is the number of subtasks, and each subtask Tp can be
decomposed according to its task type, also called t ip, that is,
the i-th type of MFG task p, i = (1, 2, . . . , n), where there are
n types of MFG tasks. The C3DPOT decomposition diagram
is shown in Fig. 10.

FIGURE 10. The C3DPOT decomposition structure diagram.

However, this decomposition structure can be regarded as
a subtask with close dependencies, which is closely related
to many different levels. Therefore, there is an inheritance
relationship between the upper and lower task nodes; that is,
subtasks are composed of several tasks at the next level. Then,
the ‘‘task-to-task’’ network model is expressed as:

Gt−t = {〈T 1
t−t ,E

1
t−t 〉, 〈T

2
t−t ,E

2
t−t 〉, . . . , 〈T

i
t−t ,E

i
t−t 〉, . . . ,

〈Tmt−t ,E
m
t−t 〉}

= {G1
t−t ,G

2
t−t , . . . ,G

m
t−t } (20)
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whereGt−t represents a C3DPOT network with weighted and
directed edges and a number of subtasks: T = {t1, t2, . . . , tn};
E it−t is a task-to-task edge of the C3DPOT network model.

FIGURE 11. The C3DPOT network (T _Net) structure diagram.

As shown in Fig. 11, T_Net is a large virtual network topo-
logical structure Gt−t that is composed of many MFG task
nodes and various related edges [6], [43]. Therefore, a large
virtual network topological structure Gt−t is composed of
several subgraphs, namely,

Gt−t = {G1
t−t ,G

2
t−t , . . . ,G

m
t−t }, (21)

where subgraph Git−t is composed of several task node sets
T it−t and edge sets E it−t in the C3DPOT, and 1 ≤ i ≤ m.
The binary group expression of the subgraph Git−t is

Git−t = 〈T
i
t−t ,E

i
t−t 〉, (22)

where T it−t = {t
1
i , t

2
i , . . . , t

mi
i } refers to the node set of

C3DPOT, all nodes ti have the input attribute and output
attribute of the node set, mi is the decomposed number of
complex task nodes, and E it−t refers to the mapping relation
of the C3DPOT network.
Since an edge between nodes represents the relationship

that these nodes are connected in T_Net , the corresponding
edge set is:

E it−t = {e
k
t−t }, (23)

where k = 1, 2, . . . ,mi.
Therefore, we have the following analyses from a fine-

grained perspective:
(1) If the MFG task tp is an atomic task, then mi = 1, t ip =
{t1i } and E

i
= φ. Node t1i is also an isolated task node.

(2) If tp is a complex task,Git−t has the following character-
istic: The order task has an out-degree, and the degree
of the subtask node has an out-degree and in-degree in
the T_Net network. Therefore, a complex task has only
one terminal node, and the C3DPOT network has the
following rules:

1) If ek,li = 0, then there is no direct correlation between
atomic task tki and atomic task t li ;

2) If ek,li = 1, then there is a direct correlation from atomic
task tki to atomic task t li ;

3) Ifek,li = −1, then there is a direct correlation from
atomic task t li to atomic task tki .

IV. CASE STUDY
Taking 3D portrait printing as an example, the user-submitted
MFG task is divided into six subtasks by the service demand
decomposition module: portrait scanning, cartoon image
design andmodeling,Model Slicer, 3D printing, surface post-
processing and coloring. Fig. 12 shows a diagram of the
different mapping mechanisms between service nodes and
task nodes.
The function of mapping mechanisms between service

nodes and task nodes is:

• Searching andmatching independent similar or different
functional tasks;

• Searching and matching interrelated similar or different
functional tasks (service composition);

• Providing an evaluation index system for comprehensive
utility;

• Modeling the evaluation index and utility;
• Providing mapping methods for different scheduling
problems;

• Projecting at the user level based on the mapping
between the service and task networks;

• Constructing the T_S_Network;
• Having a service invocation orientation;
• . . .

FIGURE 12. The different mapping mechanisms between service nodes
and task nodes.
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Each subtask (such as BMP-A, BMP-B, BMP-C, BMP-D,
BMP-E, and BMP-F) corresponds to one of a set of candidate
C3DPSs:WS1,WS2,WS3,WS4,WS5 andWS6. Fig. 13 shows
a schematic diagram of the relationships between C3DPOTs
and C3DPSs.

FIGURE 13. Schematic diagram of the relationships between C3DPSs and
C3DPOTs.

BMP-B is composed of different business logic modules
according to the cartoon image design and cartoon image
modeling activities. The BMP-B logical relationship between
two business logics is concatenation and looping, and the
constraint condition is that the two steps have a sequential
relationship; BMP-C is composed of multiple subtasks, and
the constraint condition is sequential and parallel.

A. THE MODELING PROCESS OF THE C3DP ORDER TASK
NETWORK
Taking the construction of the C3DPOT network as an exam-
ple, it is used for clustering by the computer program. The
basic data of the network is described as a graph in the form
of database tables, and then the database table determines
the structure of the C3DPOT network. Since the task-service
network is a directed logical network, the adjacency matrix is
convenient for computer processing, and it is not convenient
for expressing the logical network. Therefore, the C3DPOT
network topology is expressed as a triple so that the construc-
tion process of the network is divided into the following steps:

First, the information of the C3DPOT is expressed.

FIGURE 14. The relationships of the C3DPOT network.

According to the characteristics of the types and different
capabilities, the C3DPOT template is expressed in XML for-
mat to assemble resources for personalized design products.
For example, some attributes of the No. 6 Yourui 3D Printing
studio include C3DPOT Mode, 3D Printing Specification
Size, Printing Accuracy, Maximum Printing Speed, 3D Print-
ing Device Model, Printing Type, etc. In Fig. 14, the rela-
tionships of the C3DPOT are represented in the description
diagram.

Second, the C3DPOT nodes are identified. Here, ten
C3DPOTs are selected as the research objects. The C3DPOT
network is clustered by the program in the software.

Therefore, the triple data of the cultural creative personal-
ized design products are described as a graph in the form of
database tables, and they are used to construct the complex
network topology structure. The basic information and data
attributes of the C3DPOT nodes are shown in Fig.15.

FIGURE 15. The basic information and data attributes of the C3DPOT
nodes.

Third, we determine the substitutable relationship between
C3DPOT executors and C3DP service providers (that is,
the C3DPOT executors can execute the task nodes of com-
petitive relationships). On this basis, the substitutable rela-
tionship is created in the table of relational connections.

Random number generators are used to generate the
attribute values of the task nodes provided by the resource
nodes, as well as the resource names (the indicated posi-
tive integers 1, 2, 3. . . ). Then, the resource name is used to
determine whether there is a resource allocation relationship
between the two nodes. On the basis of the existence of
this relationship, the matching degree of resource attribute
values is determined to select a better resource allocation
relationship as table 2.

Fig. 16 shows the exploded view of themodeling process of
the C3DPOT network under the condition of 10 service nodes
and 10 task nodes. For both S_Net and T_Net , if the element
of adjacency matrices ek,li = −1, then there is a blue edge
between service nodes Si and Sj or task nodes ti and tj, which
represents a similar-function or similar-demand correlation.
However, ek,li = 1 results in a green edge between service
nodes Si and Sj or task nodes t li and t

k
i , which represents a

complementary-function or composable-demand correlation.
In particular, for the directed network T_Net , a green edge
is still directed and determined by the weight wij = −1.
If wij = 1, the task node ti is the source node and tj is
the terminal node. Otherwise, wij = −1 means that the
edge is directed from tki to t li . Moreover, when ek,li = −1
and wij = 0, there are conflicts in the time constraints so
that there is no edge between these two task nodes, even if
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FIGURE 16. The model of the supply-demand network of C3DP.
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TABLE 2. the data attributes of C3DPOT nodes.

their functions are complementary. In addition, similar to the
bipartite graph, there exists a red edge implying matchable
correlations between service node Si and task node tj. Clearly,
the adjacency matrices eSij and e

T
ij are symmetric matrices, and

W T is an anti-symmetric matrix.
Similarly, according to the above method and steps, two

more simulations with different node expansions are carried
out. Fig. 17 shows the simulation results, in a circular lay-
out and in a random layout, of different modeled complex
networks (i.e., (a) has 10 services and 10 task nodes in
a C3DP supply-demand network, (b) has 20 services and
20 task nodes in a C3DP supply-demand network, and (c)
has 10 services and 10 task nodes in a C3DP supply-demand
network.

Finally, the basic information table and connectional rela-
tionship table data of the C3DP service nodes are imported
and analyzed in the Gephi-0.8.1 software. As shown in Fig.
18, the topology of the C3DP service network is composed
of 33 nodes and 46 edges.

If the colors of nodes are the same, this indicates that their
C3DP services are similar. The thickness of an edge repre-
sents the similarity between two C3DPSs; that is, there are
many alternative relationships between service capabilities.

Similar reasoning, there is a large correlation between two
C3DPSs nodes and these nodes are clustered. The matching
degree between these two nodes is greater than the others, and
the matching relationship between the nodes.

B. THE SIMULATION OF THE C3DP ORDER TASK
NETWORK
In the CMfgmode, it is necessary for themodel to accordwith
certain rules and to self-organize to achieve the efficient oper-
ation and management of MFG services. It is important to
enable the distribution and use of CMfg services on demand.
On the basis of the shortcomings of the existing modeling of
MFG services, this paper proposes a modeling and clustering
analysis method based on complex network theory.

At present, MFG service modeling research focuses on
the service description of resource discovery matching. The
purpose of this research is to establish a service-oriented

FIGURE 17. under different C3DP networks.

FIGURE 18. The node diagram of a C3DP service network.

description model that easily directly matches the MFG task
requirements and demand-side MFG and then delivers the
results. On the basis of a detailed analysis of each matching
index, the matching index’s data sets are simulated with the
traditional MFG service modeling method and 11 kinds of
similarity algorithms based on complex networks. All the
algorithms’ code is written on the MATLAB experimental
platform, with a Windows 7 operating system and an Intel
i3-2120 (3.30 GHz) CPU with 4 G memory [6], [43]. In the
experiments, 90% of five data sets were selected as training
sets and 10% as test sets, and the number of independent
experiments was 1000. The resulting accuracy AUC values of
the traditionalMFG service modelingmethod and 11 kinds of
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TABLE 3. The resulting accuracy AUC values (%) of the traditional method
and 11 kinds of similarity algorithms based on complex networks.

similarity algorithms based on complex networks are shown
in Table 3:

The relationships between the maximum link ratio and the
ratio of deleted nodes is shown in Fig. 19 (a) and (b).

FIGURE 19. The relationship between the maximum link ratio and the
ratio of deleted nodes.

By comparing and analyzing the experimental results of
Table 3 and Fig. 19, it is shown that the combined index (CI)
algorithm is more accurate than the traditional method and
the existing 11 algorithms in five different domain networks,
which further improves the accuracy of link prediction and
has better prediction results for complex networks; that is,
the applicability of the CI algorithm is more universal than

TABLE 4. the operating time (s) of the traditional method and 11 kinds of
similarity algorithms based on complex networks.

that of the other algorithms. Additionally, a visualization of
the NS network is shown in Fig. 20. The five indicators other
than the PA indicator have the highest AUC value, which may
be related to the largemodule degree due to the comparison of
the traditional method and 11 kinds of similarity algorithms
based on complex networks. Considering the theoretical time
complexity of the algorithms, the common neighbor algo-
rithmfirst finds a pair of nodes and then calculates the number
of common neighbors. Therefore, the time complexity of
the algorithm is 220 (k N). On this basis, the AA and RA
indicators are calculated for neighbors.

Therefore, the C3DPS network modeling method main-
tains the same time complexity as the traditional modeling
method, and its accuracy is improved. Here, the running time
of the algorithm is also tested. As shown in Table 4, the actual
elapsed time of CI is relatively short, which shows that the
actual efficiency of the algorithm is relatively high.

V. CONCLUSION
To analyze the characteristics of dynamics and differences in
C3DPOTs and C3DPSs, an order-driven C3DP task-service
network modeling method is proposed. First, multiplex net-
work models based on C3DP task services are constructed
according to the relationships among services, among tasks
and between services and tasks. Then, on the basis of the
description of a C3DP task and the definition of its constraint
structure, C3DP order task network modeling is proposed.
Finally, a C3DP T_Net model example is designed to verify
the feasibility of the method.

However, the results of applying the optimization solutions
for cloud 3D printing task modeling for complex net-
works and the dynamic evolution and analysis of the com-
plex network model for the improvement and evaluation of
supply-demand matching are highlighted by the work on
modeling the C3DPOT provided in this paper. Consider-
ing the expansion ability of the proposed C3DPOT network
model of T_Net , the proposed Matching_Net is just the fun-
damental elementary model for functional matching. Further
work is needed to improve and enrich the models, and there
are also potential directions for supply-demand matching
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and optimal allocation. Potential further work includes the
following:

(1) For different objectives of different tasks (orders, con-
sumers, and operators) in SOM systems, it is necessary
to enrich the network-related attributes of various nodes
and edges in the models of T_Net .

(2) For different kinds of tasks and services, by evaluating
the quality of manufacturing resources and scheduling
problems as well as the uncertainty of user participation
and the dynamics of the implementation process, there
is room for a series of works on optimization with
the corresponding objective functions, constraints and
algorithms based on the proposed C3DPOT network
model of T_Net .

(3) Rather than performing static matching or mapping
in the proposed T_Net , further analysis of how the
models of T_Net evolve dynamically with time is also
significant and urgently needs to be addressed.
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