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ABSTRACT Crowdsourcing design for complex products has open objectives and requires collaboration
among different fields. It is difficult to use a single approach to describe the process in which the number and
interaction of tasks and steps of tasks are changed dynamically depending on the execution state. Motivated
by modeling the collaborative business process of crowdsourcing design in complex products, a crowdsourc-
ing hierarchical process modeling approach based on an object-oriented Petri net is proposed. From the
perspective of organization and task, the crowdsourcing object interaction and design process are modeled
separately. First, an organization layer modeling approach based on expert review is proposed to describe the
information transfer relationship among crowdsourcing objects from the organization perspective. Then, the
task layer modeling approach based on the component decomposition idea is proposed. From the perspective
of the task, the task is decomposed by using a design structure matrix (DSM) and a product structure tree to
model the interaction of the design process. The object-oriented Petri net-is used to realize the representation
of the model. Finally, the method is verified by taking the model of the crowdsourcing design of an air
cooler as an example. The model subnet is analyzed by means of an overlay tree and incidence matrix, and
the reliability and robustness of the model are proven. This method provides a reference for the process
modeling of the crowdsourcing design of complex products.

INDEX TERMS Crowdsourcing, process modeling, object-oriented, Petri net, design structure matrix.

I. INTRODUCTION

The digital revolution brought about by Industry 4.0 has
had a significant impact on the industrial model of manu-
facturing. As a manifestation of an enterprise’s core com-
petitiveness, innovation has become an important basis for
measuring an enterprise’s survival and development in the
ever-changing market. An increasing number of companies
try to acquire people’s creativity through open and innova-
tive models to maintain their innovative advantages [1], [2].
Traditional manufacturing is no exception. For the emerging
industrial trend of the Internet and intelligent manufactur-
ing, through the business model of cross-processing, cross-
organization, and cross-industry, enterprises try to enhance
personalized product design to promote complex product
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design patterns, schemes, and technologies, and improve
work efficiency [3]-[5]. Therefore, a way to outsource work
and tasks to widely distributed and diverse network experts
or enthusiasts through Internet platforms and tools to obtain
creative ideas and crowdsourced solutions (crowdsourcing) is
considered the most effective innovation model [5]-[9].
Since the concept of “crowdsourcing” was put forward
by Jeft [10] in 2006, crowdsourcing has achieved remarkable
success in realizing micro-tasks such as information collec-
tion, graphic design, and software development. Complex
crowdsourcing tasks require professional knowledge to solve
practical problems, and they have a certain degree of creativ-
ity. Meanwhile, its goals are complex and open-ended, and
it requires a long time of collaborative work by technicians
in different fields to complete. Therefore, complex prod-
uct crowdsourcing design tasks usually need to be decom-
posed and modularized into subtasks of an unknown quantity.
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Crowdsourcing will lead to unpredictable task decomposition
results and a task execution process. The process’s key char-
acteristics are as follows: (1) The number of tasks and the
execution order are unknown; (2) The collaboration between
multiple personnel is a complex dynamic process, limited to
modeling these characteristics of the process with a single
modeling method.

Modeling the process of complex product crowdsourcing
design is the basis and core of designing and analyzing the
operating system of a complex product crowdsourcing design
platform. To extend crowdsourcing’s scope and value, mod-
eling the complex product crowdsourcing design process has
become a current focus. At present, the main work in mod-
eling the crowdsourcing design process of complex products
is to model it conceptually [11], [12] and to study its model
expression methods in data representation and organizational
form. There is a relative lack of research on the process
operation of complex product crowdsourcing design.

In this paper, based on the idea of combinatorial modeling,
we propose an object-oriented crowdsourcing hierarchical
model (OOCHM) strategy inspired by the collaboration of
large organizations. By introducing the object-oriented Petri
net, from the perspective of organization and task, we can
flexibly model the dynamic, collaborative business process
of complex product crowdsourcing design tasks. Moreover,
we emphasize the role of experts in the crowdsourcing design
of complex products and strengthen the professionalism and
collaboration of crowdsourcing design through expert review.
In addition, we decompose the task into multiple design
objects, which reduces the task granularity and difficulty
of execution, and simplifies the collaborative interaction
between objects.

In the rest of this paper, we investigate existing research
related to work, analyze the business process of complex
product crowdsourcing design, and describe the basic struc-
ture and modeling steps of the OOCHM. The feasibility of
OOCHM is then illustrated with an example of a crowd-
sourcing process. Finally, conclusions and future work are
presented.

Il. RELATED WORK

In this section, we introduce the approach of crowdsourc-
ing design process modeling for complex products through
the integration of research literature on crowdsourcing and
process modeling methods and compare their advantages and
disadvantages.

A. CROWDSOURCING OF COMPLEX OBJECTS

Crowdsourcing is an open-ended and collaborative pro-
cess, and scholars have studied it in different aspects,
including model representation [14], [15], application
scenarios [16]-[18], process control [19], and data analy-
sis [20]. However, most studies focus on the macrolevel
of crowdsourcing design. A few scholars have rarely been
involved in the implementation and operation of the whole
crowdsourcing process. Silva et al. [19] discussed various
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crowdsourcing processes and proposed a process framework
suitable for most crowdsourcing tasks, but this approach is
not suitable for the crowdsourcing process with dynamic
changes. A modified crowdsourcing system framework,
which can adapt to the increase in the number of crowdsourc-
ing processes and be can applied to complex task objectives,
has been proposed [9]. Rouse [25] classified crowdsourcing
tasks and defined complex crowdsourcing tasks as tasks that
require the use of professional knowledge to solve practical
problems, which has a certain degree of creativity. The paper
also proposed the modeling idea of decomposing and refining
complex tasks into smaller work units.

Recent work has attempted to model complex target crowd-
sourcing through different model representations. A case-
based crowdsourcing conceptual model [26] described tasks
as a combination of instances and attributes, which could
flexibly carry out single-view modeling of complex crowd-
sourcing processes. Valentine et al. [11] proposed Flash
organization, with coded tasks as depersonalized roles and
an established hierarchical structure of organizational roles,
can adapt to complex crowdsourcing tasks with a differ-
ent division of labor. However, this method requires a high
degree of coordination between computer systems and orga-
nizations. which cannot be achieved in the traditional form.
Shi et al. [12] proposed a business object-oriented workflow
modeling method that intuitively models changes in the
life cycle of business objects by encapsulating the busi-
ness data, tasks, and object life cycle of business objects.
However, the model is inelastic and cannot be modeled
well for crowdsourcing tasks requiring intensive interaction.
Embiricos et al. [27] proposed expert crowdsourcing signif-
icantly improves the design efficiency of the crowdsourc-
ing process through structured communication. Nigam and
Caswell [28] proposed a business components that constitute
their lifecycle sets based on business data and establish the
entire business process model through their interactions.

B. PROCESS MODELING APPROACH

Process modeling methods are focused mainly on formal
models, such as the IDEF series, UML, and Petri nets. IDEF
series modeling methods have excellent computerized ability,
which is aimed mainly at functional process modeling. How-
ever, those modeling methods do not have multirole modeling
functions, so they are not suitable for dynamic modeling.
UML adopts object-oriented technology, which is suitable
for modeling large-scale complex systems of entity activities.
Nevertheless, it also has a weak ability to express processes
dynamically; the Petri net has a strong expression ability for
dynamic processes, which therefore makes it easy to analyze
and improve the model. A survey [29] shows that a Petri
net is one of the popular forms of graphical representation
of parallel system modeling, and it has obvious effect in the
area of design and verification of system logic. However,
traditional Petri nets are not good at model organization and
roles.
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Existing process modeling methods rely mainly on
process-oriented and object-oriented methods. Process-
oriented modeling methods are process-centric and focus
on the running sequence of activities, making it difficult
to describe dynamic processes. The object-oriented method
abstractly decomposes the process into hierarchical mod-
ules, which simplifies the expression of models, reduces
model granularity and is suitable for describing large complex
systems [30].

For workflow modeling of complex systems, Sarker [13]
first proposed the object-oriented Petri net (OOPN) the-
ory and applied this theory in the modeling of real-time
systems. The OOPN theory combines the advantages of
object-oriented technology, hierarchical technology, and Petri
nets and can model the complex, dynamic and nonab-
stract problems faced by large-scale complex systems. Then,
a lightweight Proclet [31] is built by combining object-
oriented techniques with Petri nets, but this Proclet cannot be
used for cross-organization modeling. Grobelna et al. [32] use
interpreted Petri net(IPN) modeling systems. They specialize
the place or transitions in the model to independent parallel
modules to model and analyze the discrete event system
(DES). Due to the limitation of a simple Petri net, the model
size cannot be too large.

A hierarchically object-oriented Petri Net (HOOPN) [33]
combines object-oriented technology, hierarchical design,
and the Petri net. A finer-grained structure is obtained through
the hierarchical decomposition of places and transitions. This
structure has overcome the problems of traditional Petri
nets, such as large models and the inability to dynamically
model when describing complex systems. The proposal of a
reconfigurable Petri net makes its hierarchical model com-
bined with an object-oriented Petri net suitable for the design
and modeling of large-scale process systems with dynamic
components [34].

Wisniewski et al. [35] summarized the key research in
recent years and proposed the research direction of discrete
time and hybrid system modeling, such as the formalizaed
verification problem of reconfigurable time discrete event
systems, Petri net approximate analysis and state analysis.
Navarro-Gutiérrez et al. [36] analyzed the Petri net system
behavior through the mesh structure object, and proposed
four Petri net reduction rules to improve the understanding
of the network.

C. TASK DECOMPOSITION
A product structure tree is a method to decompose prod-
uct knowledge into its basic components. Zeng and Gu [37]
described the relationship between products, parts, and
related tasks through an expanded product structure tree.
Different types of leaf nodes were introduced to establish
the attribution relationship between nodes, and the extended
product structure tree was constructed recursively to obtain
the basic blocks with mutual relationships.

The design Structure Matrix (DSM) is a widely used design
composition tool that expresses the relationship between
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complex systems and their entities in a visual and straight-
forward matrix [38]. The dependencies between different
entities can be divided into single-mode and dual-mode
dependencies [39], where the single-mode represents the
relationship between two entities of the same category, and
the dual mode represents the relationship between any two
entities of different categories. A two-stage matrix decom-
position method [40] was proposed by synthesizing differ-
ent decomposition standards, which could flexibly model
complex products. Bonzo et al. [41] analyzed the surgical
process characteristics, where the design structure matrix
and the multidomain matrix were combined as a domain
mapping matrix, and the process communication relationship
in the operating room process was modeled. The design task
was decomposed via component decomposition [42], and the
interaction modeling of components through DSM transfor-
mation could achieve the minimum cost decomposition of the
design task.

Ill. THE COMPLEX PRODUCT CROWDSOURCING DESIGN
PROCESS

This section will introduce the overall process of complex
product crowdsourcing design tasks and draw out the process
model of the complex product crowdsourcing design process
by analyzing the process.

Complex product crowdsourcing design tasks, which are
professional and carried out by several participants at the
same time, need to solve the actual product design problems.
Each participant has the consistency of task objectives and the
execution process independence, so the process is distributed
and synergistic. The number of subtasks and the uncertainty
of the task decomposition execution process make the process
dynamic. Task execution of crowdsourcing design depends
on the coordination among participants, and its process can be
divided into two layers from the perspective of organization
and task, with hierarchical characteristics.

The role of experts in the crowdsourcing process is ignored
in the existing research on crowdsourcing process modeling.
To enhance the professionalism of crowdsourcing design, this
paper takes it as the supervision and review of crowdsourc-
ing design and runs it as the flow of crowdsourcing design
(Fig. 1), where the packet ignores multiple participants.

The process description is as follows: (1) The contractee
submits a design task to the crowdsourcing platform. (2) The
platform decomposes and preliminarily evaluates the task
and releases the decomposed task. (3) The platform recruits
the contractor according to the decomposed subtask. (4) The
contractor carries out the work and submits the results to the
experts for review. (5) The experts coordinate the tasks with
the contractee and evaluate the task results. (6) The experts
submit the task review and results to the contractee. (7) After
the contractee confirms the results, the remuneration will be
sent to the contractor and the crowdsourcing platform experts.

In the above process, the complex product crowdsourcing
design process covers multiple stages divided into relatively
fixed business processes and variable design processes (task
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FIGURE 1. Flow chart of crowdsourcing design of complex products.

execution phase). The design process is formed by task The organizational layer controls the interaction and process
decomposition and parameter interaction between subtasks, relationships among the participants. The task layer models
without considering the internal execution process of the the interaction flow of task information within participants,
contractor. and this flow is affected by the organization layer constraints.

In this paper, we model the process as a two-layer Effective decomposition of complex crowdsourcing design
model from the perspective of organization and task, accord- tasks, which are flexible, iterative, and optional process exe-
ing to hierarchical, distributed, and dynamic characteristics. cution paths, is the key to modeling the task layer.
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FIGURE 2. Hierarchical process integration model of complex product
crowdsourcing design.

Object-oriented Petri nets have obvious advantages in
object encapsulation and dynamic concurrent representation
of processes in common modeling methods. Considering the
modeling complexity, we realized hierarchical modeling of
complex product crowdsourcing design through an object-
oriented Petri net. The object abstraction function of the
object-oriented Petri net is used to represent the interaction
between participants in the crowdsourcing design of complex
products from an organizational point of view. From the
perspective of a task, the crowdsourcing design task was
modularized by combining the product structure tree and
DSM from the perspective of component decomposition,
representing the contractor’s internal interaction relationship
and facilitating the understanding of the execution process of
crowdsourcing design of the complex product at the begin-
ning of modeling.

For the needs of process simulation analysis, the decom-
position process of the task layer is mapped to the object-
oriented Petri net model to form the object-oriented Petri net
layered model of complex product crowdsourcing design.

IV. MODELING METHOD OF COMPLEX PRODUCT
CROWDSOURCING DESIGN PROCESS
A. COMPLEX PRODUCT CROWDSOURCING DESIGN
PROCESS HIERARCHICAL MODEL
Based on crowdsourcing process analysis, this paper pro-
poses an object-oriented, complex product crowdsourcing
design layered process model, as shown in Fig. 2. The model
is divided into three layers, including the organization layer,
task layer, and execution layer.

Definition I: The object-oriented crowdsourcing hierarchi-
cal model (OOCHM) is defined as:

OOCHM =< P,T,E,R.,R; > (1)

where P is the organization layer model of complex product
crowdsourcing design; T is the task layer model of com-
plex product crowdsourcing design; E is the execution layer
model of the complex product crowdsourcing design task;
R, € P x E is the relationship between organization layer
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P and executive layer E; and R; C T x E is the relationship
between task layer T and executive layer E.

From the perspective of role relationships, organization
layer P represents the interaction between the participants
and the process progress of executive layer E. Task layer T
describes the execution process of execution layer E from the
perspective of the task. The subtasks in the executive layer E
feed the task results back to the expert of the organization
layer for review, making the organization layer and the exec-
utive layer interconnect.

Object-oriented crowdsourcing hierarchical modeling is
divided into two steps. First, the organization layer system
net is established, consisting of the object subnet and its
interaction, according to the complex product crowdsourcing
design flow. The task is decomposed and modularized from
the point of view of product component decomposition, the
subtask information transmission process is obtained, and
the task layer model is established. Finally, the process is
transformed into OOPN to realize the connection with the
task layer through the interactive transition between objects.

B. ORGANIZATIONAL LAYER MODELING METHOD
The organization layer describes the organizational rela-
tionship and information interaction of complex product
crowdsourcing design tasks, modeling task-related person-
nel as object classes, which are described by a unified
representation.

Definition 2 (Object lasses): The object class represents a
set of objects with the same attributes in a process, expressed
as a four-tuple:

0i=(C,A ¢.n) @)

where C represents the name of the object class; A represents
the set of tasks r contained in the object class; ¢ represents
the process stages covered by the object class; and n(n >0)
represents the number of objects in the object class.

Definition 3 (Design Objects): The subobject of the con-
tractor is defined as a design object, expressed as A;(i > 0).

Definition 4 (Task): The task 1is expressed as
r = {m, riy, ron, t}. where m is the task name, r;, is the task
input information, r,,, is the task output information, and ¢ is
the expected completion time of the task.

The objects are represented by OOPN. The system net-
work of the organization layer connects object subnets that
encapsulate multiple inputs and outputs place through gate
transition.

Definition 5 (Organizational Layer Model): Organiza-
tional layer model P is expressed as:

P=<0,S8,G, My > 3)

where O is the collection of object classes in the process of
product crowdsourcing design; S is the interaction network
between objects; G is the set of input and output relationships
between various objects; G = {Gjli > 0,j > 0,7 # j}; and
M) is the initial state of the organization layer model.
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FIGURE 4. Matrix representation of the model of the design unit.

C. FILE FORMATS FOR GRAPHICS

The subtasks will be different depending on the products
during the execution of the complex product crowdsourcing
design task. Therefore, it is difficult to model a variable
instance process using a fixed process template. However, the
structure and design mode of the product and its components
are relatively fixed, so we can dynamically customize the
task flow through the product structure. The task layer model
decomposes tasks for complex products by way of prod-
uct component decomposition, which combines the product
structure tree and DSM. We will obtain the crowdsourcing
subtasks and their relationships of information transfer and
establish the design object mode of the task layer through the
mapping between DSM and OOPN. The specific modeling
method (Fig. 3) steps are as follows:

(1) The product is divided into parts according to the prod-
uct structure tree, and the initial DSM is established through
the parameter transfer relationship of the parts;

(2) Plan the initial DSM, identify the fuzzy relationship
between tasks, and obtain the design module and its parame-
ter transfer relationships;

(3) According to the dependencies between the design
modules divided after planning, the design process of design
subtasks is dynamically generated;

(4) The decomposed module and its parameter transfer
relationships are transformed by the Petri net to obtain the
task layer model.

Design units are obtained by referring to the product struc-
ture tree. According to the parameter associations between
the design units, there are three associations between the
design tasks [43]: sequence, parallel, and coupling relation-
ships. Fig. 4 describes the representation of these three rela-
tionships in the design structure matrix. In Fig. 4, the diagonal
element “x” represents the task itself. The value “1” indi-
cates that there is information interaction between the two
tasks. The value “0” indicates that there is no information
interaction between tasks.
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According to the design units obtained, the n-order prod-
uct design structure matrix is established as
follows:
Ty, T, T;s T,
T Ty app a3 ain
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DSMusxn = T3 a3 axn T3 asp )
T, anpl dp2 Qp3 T,

If the matrix element a;;(i # j) with a value of 1 indicates
that task T; requires a design parameter from task 7}, there is
no interaction when the value is 0.

Through the design structure matrix, the timing and control
relationship between the design subtasks are obtained, and
the design units are reclassified according to the following
transformation principles:

Principle 1 (Minimum Coupling Principle): The interac-
tion between design subtasks is as low as possible;

Principle 2 (Lowest Cost Principle): The design and man-
ufacturing similarity of the design units within each design
subtask is as high as possible;

Principle 3 (Minimum Time Principle): Design subtasks
without information input should be executed as early as pos-
sible, and design subtasks without information output should
be executed as late as possible.
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FIGURE 6. Crowdsourcing design task layer model of air cooler.

The organization layer model is the system net of object-
oriented Petri nets, represented mainly by the information
transmission between the contractee, platform, contractor,
and expert. The Petri net mapped by the task layer is shown
as the task transmission network of the organization layer.
To establish a complete execution layer model, tasks are
divided into preset and postset tasks according to the com-
plete order, corresponding to the former and subsequent set
in the Petri net. If tasks a and b are sequential executions,
i.e., there is parameter transfer. Then task a is the preset task
of task b, and task b is the postset of task a. If two tasks are
coupled, they are the preset and postset of each other. The
Petri net conversion process follows:

(1) The parameter transfer and module division relation-
ships between tasks can be obtained from the task layer DSM
(the design flow of Fig. 3);

(2) The design task is divided into the execution status
and execution action. They are, respectively represented by
place and transition in the Petri net. The place represents
the state of task execution, and the transition represents the
action of the task execution. As shown in Fig. 3, for example,
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five design modules were obtained after task decompo-
sition, corresponding to five places and five transitions,
P {P1,P2,P3,P4,P5} T {T1,T2,T3,T4,TS5}.
A directed arc connects the places and transitions to form a
basic Petri net model.

(3) The input place and output place are added to the basic
Petri net, a directed arc connecting the input and output place
to form a complete Petri net of the design object.

Following the above steps, transform the design process
(Fig. 7) into the Petri net process (Fig. 8(a)). The transition
T1 ~ TS5 represents the five design modules in Fig. 7. The
object subnet modeling of the organization layer is estab-
lished, as shown in Fig. 8(b). The contractor contains multiple
object subnets of design objects, and each object subnet is
executed as a transition in the contractor object class.

V. CASE STUDY

The object-oriented crowdsourcing hierarchical modeling
approach is shown in the previous section. In this section,
we illustrate the feasibility of the object-oriented crowd-
sourcing design modeling approach in complex products and
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FIGURE 7. Crowdsourcing design organization model of air cooler.

illustrate the modeling method of object-oriented crowd-
sourcing design modeling dynamic, uncertain processes with
an air cooler example.

A. THE HIERARCHICAL MODEL OF CROWDSOURCING
DESIGN FOR AIR COOLERS

The goal of this task is to decompose the tasks of the air
cooler into smaller tasks through the network, obtain task
modules with minimal information interaction, solve these
task modules, and then merge from the bottom up to obtain
the design structure of the air cooler.

This design process is dynamic, including an uncertain
number of design modules. Therefore, first, we decompose
the air cooler task through the combination of a product struc-
ture tree and DSM. The air cooler’s crowdsourcing design
task was decomposed through product component decompo-
sition, as shown in Fig. 6.

The specific modeling process is as follows: (1) Establish
a directed graph of the design structure based on the product

VOLUME 9, 2021

structure tree; (2) Establish an initial DSM for the product
based on the directed graph; (3) Plan the initial DSM to
obtain the component types and the affiliation and timing
relationships between them, remapping the product structure
tree; and (4) Dynamically iterate the product design process
based on the product structure tree until the design process
includes all the design components and obtains the product
design flow. (5) Convert the design process to an object-
oriented Petri net. After task decomposition, the air cooler’s
crowdsourcing task can be divided into five design subtasks
Al ~ AS with their information transmission relationship.
The five design subtasks are executed simultaneously, and the
k-layer model of the air cooler is established (Fig. 6).
Define the main agents of the crowdsourcing design pro-
cess of air coolers: contractee, platform, contractor, and
experts are object classes. According to the crowdsourced
design flow (Fig. 1), we establish the object subnet of the air
cooler, the object including contractee, platform, expert, and
contractor, as shown in Fig. 7(a). The gate transition is used
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TABLE 1. The meaning of gate changes.

Ga.t ¢ Meaning
transition

G11 The contractee sends the task requirements to the platform
The contractee sends the result of selecting the contractor to

G2 the platform

G13 The contractee sends the design data to the contractor

G4 The contractee submits the modification of task result to the
platform

Gl5 The contractee sends task confirmation to the platform

a1 The platform sends the feedback results of the requirements
to the contractee

G22 The platform pushes the task information to the contractor

623 The platform pushes the contractor's request to expert and
contractee

G24 The platform pushes task results to experts for review

G2s The result modification request is fed back by the platform
to the contractor

G31 The contractor sends a task request to the platform

G32 The contractor submits the task results to the platform

G33 Contractor confirms the receipt of remuneration

G41 The expert submits the result review report to the contractee

as the interface to connect the input and output repositories of
the object subnet to obtain the air cooler organization layer
OOPN model (Fig. 6(b)). The design object of contractor
03 interacts through the information transfer process of the
design object shown in Fig. 6.

The meaning of the gate transition in Fig. 7 is shown in
Table 1. From the above, we obtain the layered model of the
air cooler model crowdsourcing design.

As shown in Fig. 6, the resulting design flow shows that all
design modules run in parallel, regardless of execution time.
Its flow represents the information transmission relationship
between design modules. Each design module is running sep-
arately when the output information means that the module
design phase is complete, and sends the information to the
platform and expert examination (Fig. 7(b)). If it passes, the
information is merged and passed to the next task until all
tasks are completed. The tasks are finally merged on the
platform, and the employer obtains the design result of the air
cooler. Through OOCHM, the information transfer relation-
ship of the complex product crowdsourcing design process
can be displayed intuitively, different design processes can be
generated dynamically-according to different products, and
flexible modeling of the process can be realized.

B. MODEL ANALYSIS
The structure and operation of the process can be simulated
by the properties of a Petri net by modeling the crowdsourcing
design process of the cooling fan. Therefore, after the estab-
lishment of the Petri net model, the feasibility of the model
needs to be verified through the analysis of the accessibility,
safety, boundedness, activity and conservation of Petri nets
through reachable identification graphs, coverage trees, cor-
relation matrices, etc.

In this part, the state space analysis and incidence matrix
are used to analyze the properties of the packet square subnet
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FIGURE 8. The state space diagram of 04.

TABLE 2. Identity in the status diagram.

I1 12 13 P1 P2 P3 P4 P5 P6 P7 P9 Pel Pe2 Pe3
MO 1 1 100 O0O0OOOO O O O
MI 01 1 1.00O0OOOUOO O O O
M2 0 1 1 01 100 O0O0O0O O O O
M3 001 O01O0T1O0O0OO0O0OO0 O O
M4 01 1 001 00O0OO0O0O 1T 0 O
M5 001 010O0OT1TT1TTUO0OOO0O 0O O
M6 001 000 1 O0OO0OO 1 0 O
M7 00 001 O0O0OT1TO0OT1O0 O0O O O
ME O O1 01 O0O0OT1TO0OO O 1 O
MO0 01 0O0OO0OT1TT1TO0OO0OT1T 0O O
MIOO O OOT1 O0O0OT1TO0OTLI O 0 O
MI1 0 0 001 00 O0O0T1O0OO0O I O
MI20 0 000001 O0T1O0OT1T 0 O
MI30 01 00 0O0O0OT1TO0OO0OT1T 1 O
MI40 0001 O0O0OT1O0O0O0OO0 O 1
MI50 0 0 01 00 O0OO0OOT O 1 O
M6 0 0 000001 O0OT 1 0 O
M17 0 0 0 0 000 0010 1 1 O
MI8O O 001 O0O0O0OO0OO0OOO0O 1 1
MI90 0 000001 O0O0O0O 1T 0 1
M200 0 0 00 00O0O0OO0OT1T 1 1 0
M21 0 0 0 0 0 0 0 0 0 0 0 1 1 1

in the fan crowdsourcing design process model established
above. In contractor subnetwork Oz shown in Figure 7, the
message input place is I; (/1, 12, I3) and the message output
place is Pei (Pel, Pe2, Pe3), so the set of places is M. Accord-
ing to the analysis method proposed in the literature [44], the
state space accessibility diagram (Figure. 8) is constructed,
where the state data are shown in Table 2.

As shown in Figure 8, the relevant properties of O3 are
analyzed.

(1) In the theory of Petri nets, a system is bounded if and
only if there is unbounded quantity w in its identification.
From the analysis of the marker diagram in Figure 8, there
is no unbounded quantity w in the marker vector of all nodes,
so O3 is bounded.

(2) Since O3 is bounded, the bounds of each place can be
B(p;) = 1, so place P; is safe. Obviously, B(O3) = 1, so net
03 is safe.

(3) Calculating the coverability tree shows that for any
M € R(My). R(M)) € R(My). Therefore, net O3 is reachable.

(4) Since O3 is reachable, under any reachable mark, every
transition 73(i = 1, 2, ..., 9) in the network is likely to obtain
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the right of occurrence, which indicates that every transition
T; in O3 is alive, so O3 is also alive.

VI. CONCLUSION

In this paper, we propose a crowdsourcing modeling approach
based on object-oriented Petri nets. The approach can model
not only the control flow of a complex system but also the
dynamic, uncertain flow. Meanwhile, the hierarchical model
based on different perspectives also provides help for the
refinement of the model.

We present an object-oriented Petri net organization layer
modeling approach based on expert review to emphasize the
importance of experts. The model relies on expert decisions
to ensure the complete quality of crowdsourcing design tasks
and realizes the control of the crowdsourcing process through
the input-output place. We present a task layer modeling
approach based on product component decomposition, which
decomposes complex products into design subtasks through
a product structure tree and a design structure matrix and
maps it to Petri nets to obtain the information transfer rela-
tionship model between design objects. Finally, we take the
crowdsourcing design of the air cooler as an example to real-
ize the crowdsourcing design process modeling of complex
products.

This modeling method makes full use of the advantages of
OOPN, describes the interaction between objects of complex
products from different perspectives, and realizes process
encapsulation and connection. This method provides a ref-
erence for the design of a complex product crowdsourcing
design system. While modeling the process, it is useful to
realize the automation of process modeling. We expect future
work to include the processing of process data flows to sup-
port processes.
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