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Abstract

The design and development process of complex product is a multi-disciplinary
collaborative process, which requires the cooperation of distributed teams. However,
complex product involves complex models and specifications but poor interoperability,
resulting in high equipment support costs, low support efficiency and equipment
utilization. According to the characteristics of complex product design and development,
in order to improve the efficiency of modeling and simulation for complex product
collaborative design and development process, clear and trace the relationship between
the elements of design activities, then reduce the repetitive construction caused by
design iteration and uncertainty in product design, a Clustering Collaborative Method
for Complex Product Hierarchical Modules Based on HDSM and SysML is proposed. This
method is aimed at different stages of complex product design and development, and
uses different technical methods of HDSM, directed graph and SysML to solve the
problems in the modeling process of complex product design and development.
Hierarchical analysis of design activities through HDSM during the design process can
significantly reduce the degree of modeling repeatability. Using the quantitative analysis
of directed graphs, the uncertainty caused by subjective modeling in the HDSM method
can be reduced. Using SysML for modularized graphical description can enhance the
visibility, reusability and consistent expression of models, and improve the efficiency of
product modeling and development. An engineering case study demonstrated that the
proposed method are effective and efficient for the the interoperability and utilization
of complex product design modules.
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1. Introduction

Nowadays, personal customers and users’ requirements of complex product market are
transformed to specific information taken up with manufacturing complex product during the
design process [1, 2]. As shown in Figure 1(a), the design and development of complex product
generally requires a synergy of multi-disciplinary development team. When applying
simulations into the complex products development, Multi-disciplinary Collaborative
Simulation (MCS) is assigned to integrate simulation models and decision-making process,
which aims to support the collaboration between members of the development team [3, 4]. The
solution proposed aims to address a specific issue on representing an integrated and
collaborative simulation space. To give an overview of Integrated and Collaborative Simulation
Management (ICSM) scheme as well as its key components [3, 4], a framework is shown in Fig.1
(a). In the outsides of the figure, Collaborative design team and users with different roles can
participate in the collaborative design environment, meanwhile in the center of the figure,
product design lifecycle stages of knowledge management are in connection with specific
design activities. As for every activities, explicit knowledge of simulation models and tacit
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knowledge of decision-making process is connection with an integrated simulation models,
namely Engineering-APPs [5].

Before developing the integrated simulation models, collaborative design process of complex
product should be taken into special consideration [4]. According to the top-down design
principle, the complex product design process based on the product topological function and
physical structure is illustrated in Fig.1 (b). As described in Fig.1 (b), it should be determined
first the function set according to the customers’ design demands [6]. Then each function can
be further divided into a set of sub-functions and sub-flows. When the overall functions of
complex product are decomposed zigzag, simulation modules are also designed or selected
from an available module base [7]. The simulation module could be further decomposed into a
set of sub-modules and parameters whose values should to be determined.

As shown in Fig.1, when analyzing the design and development process of complex products, it
shows the characteristics of cross-domain multi-discipline, distributed collaborative and
model-based multi-coupling. As the core content of complex product development process,
product distributed collaborative design is responsible for dynamically managing product
development nodes, organizing multidisciplinary, cross-domain and dynamically evolving
product design knowledge, and coordinating design constraints and conflicts of all parties,
which is the key factors for success [8, 9]. As an important part of the current and future product
systems, complex product has the following common characteristics in the structure of the
developing process:

(1) The design and development process of complex product generally adopts the
“decomposition-integration” design paradigm, then allocates design resources and design
services in a fine-grained manner.

(2) The design and development process of complex product is accompanied by the continuous
iteration of tasks and activities at different developed levels, and the process of design activity
iteration is always accompanied by the data interaction of different disciplines and components
to achieve the best design scheme.

(3) The complex product development process is accompanied by design conflicts at different
levels, such as index conflicts between discipline systems, resource utilization conflicts and so
on, requiring designers to participate in a large number of design decisions.
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Fig. 1 The design framework of complex product development
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2. Hierarchical Decomposition Optimization Method for Complex Product
based on HDSM

The essence of the logical transfer relationship between the design activities in the complex
product design and development process is the reflection of the data dependency transfer
between the research and development activities at various levels [10]. In order to analyze the
data dependencies between complex product design activities, this section first proposes an
analysis method based on the Hierarchical Design Structure Matrix (HDSM). First, establish a
hierarchical system architecture for the entire complex product developing process. Different
hierarchical systems correspond to a Design Structure Matrix (DSM) architecture for a set of
design activities [11]. As shown in Fig 2, the vehicle chassis is taken as an example to describe
the hierarchical decomposition optimization model of complex product based on HDSM. The
initial column and initial row define the design component corresponding to the design activity.
In each design structure matrix DSM, the diagonal element C defines the index parameters,
constraint interval and algorithm simulation model in the corresponding design activity, and
the element 1/0 defines the index parameter feedback between design activities. The off-
diagonal elements define the input and output parameter design templates of the design
activities, and construct the external design interface of the design activities [12].
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Fig. 2 The hierarchical decomposition optimization model of complex products based on
HDSM

As shown in Fig 2, the hierarchical decomposition model of the system obtains modules with
different granularities at different levels, and each granularity module is mapped to a
corresponding DSM design structure matrix. In the research and development process of the
vehicle chassis, System-level DSM design activities include system-level design and
development activities such as Overall Structural Scheme Design, Overall Electrical Scheme
Design, Overall Craft Scheme Design, Standardization Design and Reliability Design; One of the
subsystem-level DSM design activities includes subsystem-level design and development
schemes such as structural design scheme, electrical design scheme, process design scheme,
standardized design scheme and reliability design scheme; A component-level DSM design
activity in this subsystem includes design activities such as structural design, NVH design,
torsional vibration design, and flexural vibration design. In conclusion, the HSDM hierarchical
design structure matrix defines the division structure of complex product designs, the data
dependencies of design activities, and the mapping relationship between the developing
process and DSM.
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2.1. Hierarchical Design Structure Matrix (HDSM)

Hierarchical design structure matrix HDSM is improved and developed on the basis of design
structure matrix DSM. The design structure matrix theory was proposed by Steward [11] in
1981. This theoretical model expresses the coupling relationship and iterative process in the
complex product development process in the form of a structure matrix, which provides a
powerful analysis tool for reducing the complexity of complex product development tasks. As
shown in Fig.3(a), the design structure matrix is a square matrix of order n whose dimensions
represent the number of design activities, and the initial rows and columns of the matrix
correspond to a set of identical design activities. Elements in the matrix where rows and
columns intersect represent the degree of dependency information between design activities.
The elements below the diagonal represent forward feedback of information, and the upper
elements represent backward feedback of information.

As shown in Fig.3(a), in the binary DSM:
{O Indicates that there is no information dependency between A; and A; "
% 1 Indicates that there is an information dependency between A; and A; (1)

In Fig.3(b), by analyzing the correspondence between the directed graph and the design
structure matrix, the product design structure adjacency matrix can be transformed into an
adjacency matrix in the product directed graph.

Fig. 3 Binary DSM Structure Diagram

As the hierarchical structure of modern complex products becomes more and more abundant,
the traditional design structure matrix DSM can no longer meet the current product design
requirements. It becomes extremely difficult to identify the connections between the elements
of the matrix. The HDSM hierarchical design structure matrix is developed under this situation.
It generates each hierarchical structure matrix by decomposing the hierarchical relationship
layer by layer. Each structure matrix form can be expressed as an interrelated sub-matrix, and
its form is expressed as follows:

Fo = {My, M, M3, ,M;},i €N (2)
In the formula, F, is the overall hierarchical design structure matrix of complex products, and

M; is the submatrix of matrix Fj,.

Each level model obtained through the hierarchical design structure matrix HDSM is composed
of different fine-grained design activities and their dependencies. The deeper the level, the
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smaller the fine-grained activity, and the greater the influence of the upper-level design
structure. There is a structural relationship between the levels of inheritance and expansion.

2.2. Information Interaction Model among Design Activities

The information interaction in the collaborative development of complex product design is the
transfer of data, information and knowledge in the content of various design activities among
the stakeholders of product development. By analyzing the relationship of information
transmission among design activities in product collaborative design and development, the
information transmission structure among different design activities can be divided into three
forms: parallel, serial and coupling. Its active structure type and its Boolean binary DSM
structure matrix are shown in Table 1. In Table 1, A and B correspond to different design
activities respectively. If there is no information transmission from A to B or B to A, the elements
in the second-order DSM structure matrix constructed by design activities A and B are all 0. If
there is an information transfer relationship between A and B, the element in the lower left
corner of the second-order DSM structure matrix is 1. If there is an information transfer
relationship between B and A, the element in the upper right corner of the second-order DSM
structure matrix is 1, and the element on the diagonal line is 1. Uniformly set to 0, indicating
that the design activity itself has no information transfer relationship.

Table 1. Boolean Matrix in Active Structure Model

Relationship parallel serial coupling
Graphical Representation A A B A
—C— X
B
A B A B A B
A 0 A 0 A 0 1
B 0 B 1 0 B 1 0

3. Hierarchical Cluster Analysis of Product Structure

When analyzing the product hierarchy design matrix, it can be found that the design nodes in
the directed graph can well correspond to the various design activities in HDSM. According to
the theoretical analysis of the graph theory for directed graph [13], the hierarchical design
structure matrix can map to the adjacency matrix. The following definitions are given below:

Definition 1: A given set of design activities is E = {el,e2,-~-,ei,--~ej,"',€n}, the set of
relationships among design activities is R = {ry, 1y, -+, = ,1;p },then the elements a;j of the n-
order adjacency square matrix A for the directed graph ¢ =< E,R > is:

(3)

{O Indicates that e; and e; are not related
a;i = :
Y 1 Indicates that e; and e; are related

Definition 2: Each node of a given directed graph ¢ =< E, R > has an association order from e;
to ey, then the square matrix of order n P = (p;;)nxn, as for this matrix:

{O Indicates that there is at least one non — zero length path from e; to e;
Pi =11 Indicates that there is no one non — zero length path frome; to e;

Then the matrix P is called the reachability matrix of the directed graph G.
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Definition 3: Given that PT is the transpose matrix of the reachability matrix P, and the matrix
Q is the strong connectivity judgment matrix of P, then:

Q=PnpPT (5)

When analyzing the reachability matrix algorithm, if the non-zero elements of the i-th row of
the matrix Q are in the jy, j,, -+, ji columns, then the nodes e;y, ej,, -, e are in a strongly
connected branch. According to graph theory, the design activities in the same “strongly
connected” are most related and can be clustered into one class.

Meanwhile, by analyzing the reachability matrix P, the reachable set R(e;) and the antecedent
set A(e;) of e; can be obtained. The reachable set R(¢;) is composed of all elements whose value
is 1 in the same row as the element ¢; in the reachable matrix, the antecedent set A (¢;) is
composed of all the elements in the same column of the reachable matrix and the element e;
whose value is 1, then:

R(e;) = {eilaijz 1} (6)
Ale) = {elay= 13 (7)
Then the intersection M (ey) of the reachable set R(e;) and the antecedent set A(ej) is:
M(e) =R(e)nA(e) k=12,-,n (8)
Definition 3: Suppose there exists R(e;) such that the following equation holds:
M(ex) = R(e;) = R(e) N A(e) 9)

Then let the set M = M(ey), M is the highest level element set of the system, and so on, on the
premise of removing the highest element set, the secondary element set can be continuously
obtained. By synthesizing the above methods, the overall hierarchical division module
structure of the complex product system can be obtained.

4. Expression Method of Complex Product Design based on SysML

The significance of the module division of complex product design activities is to support the
development of modules at different levels for complex products, and to intuitively express the
clustering pedigree of complex products. The above method can effectively analyze and
optimize the complex product design activity module when using the hierarchical design
structure matrix, and obtain the dynamic pedigree of the hierarchical complex product, but it
still lacks a modular and unambiguous graphical expression to support the development of
subsequent products. The SysML-based model language highlights the consistency, reusability
and graphics of the model in the actual modeling process, and can convert the product lineage
obtained above into a unified and standardized SysML model stored in the computer for
analysis of complex systems, design and verification. The graphical model of SysML modeling
language is shown in Fig.4. SysML can be divided into requirements diagram, behavior diagram
and structure diagram. These three types of graph models are based on UML and extend the 9
kinds of graph models shown in Fig.4. These 9 kinds of model diagrams can respectively
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represent the requirements, structure, behavior and parameter transfer relationship of product
development.

I:l Shared with UML SysML graph
model
: UML extension diagram
__ I PR E— ]
| | SysML specific diagram Behavior meqmrements Structure
diagram | _diagram diagram
Activity Sequence ) . Use case Block Definition Internal block .
. . State diagram . . . Package diagram
diagram diagram diagram diagram diagram
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B e
l

Fig. 4 SysML graph model

As shown in Table 2, in the requirements analysis stage and functional analysis stage, the
requirement diagram and use case diagram in the SysML modeling language can be used to
express the design analysis process from design requirements to design indicators; in the
design synthesis stage, SysML can be used In the modeling language, the module definition
diagram, sequence diagram, activity diagram, state diagram, and parameter diagram represent
the relationship constraints such as parameters, sequences, and structures between design
activities; in the system verification stage, the state diagram and the state diagram in the SysML
modeling language can be used. Sequence diagrams simulate the rationale for complex product
development processes. Therefore, this chapter can use the SysML modeling language to
express and describe the entire development and design activities of complex products.

Table 2. Correspondence between design phases and product design characterization
Serial Design Phase Model Diagram Representation
Number
1 Requirements analysis, Requirements diagram, use case diagram
functional analysis
2 Detailed Integrated Design Module definition diagram, Sequence diagram,
Phase Activity diagram, State diagram
3 System Verification Phase State diagram, Sequence diagram

5. Case Verification

The effectiveness and feasibility of the proposed method in the detailed design stage are
verified by the analysis of the engine-level development process. The rotary piston engine of
the automobile chassis is a complex product that is interdisciplinary and multidisciplinary. This
paper takes the hierarchical development process of the rotary piston engine as an example to
verify the case. The specific process is as follows:

1) The design of a product begins with a requirement analysis. As shown in Fig.5, the design
and development requirements of rotary piston engines include four aspects: functional
requirements, performance requirements, structural requirements and dimension
requirements, and each requirement can be further subdivided into several requirements, and
the requirements specification can be obtained according to the requirement analysis.

2) Due to the system complexity of the rotary piston engine system itself, the design activity
relationship is transformed through the hierarchical design structure matrix as shown in Fig.6.
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This case selects a small part of its modular design for characterization. As shown in Table 3,
the selected hierarchical modules are: vehicle system, remote control vehicle subsystem,
intelligent bearing platform subsystem, platform chassis system, information bearing platform,
powertrain, power system, transmission system, crank link mechanism, body design, flywheel
design, piston selection, piston ring selection, connecting rod design, crank design, bearing pad
design and son on. By analyzing the relationship between vehicle design and rotary piston
engine at various levels, the adjacency matrix is used to represent each level in the table. Then
design the information transfer relationship of the activity module.

3) Table 4 expresses the reachability matrix transformed from the adjacency matrix, which
describes the degree to which a path of several steps between the factors affecting the vehicle
performance in the complex system of vehicle design can be reached. By analyzing the strongly
connected judgment matrix, the original matrix level display diagram shown in Table 5 can be
obtained.

Engine Desien Requirements |
[Design Req]
ID=1.1
7 Design Requirements Division
|
I I ] ]
[Function Req] [Dimension Req] [Structure Req] [Property Req]

ID=2.1 ID=2.1 1ID=2.1 ID=2.1 The first level of

T requirement division
| | [ |
[Function Req] [Function Req] [Function Req] [Function Req] [Function Req] [Function Req]
ID=2.1 ID=2.1 ID=2.1 ID=2.1 ID=2.1 ID=2.1

The second level of requirement division

Fig. 5 Piston engine research and development requirements

4) Meanwhile, SysML can be used to intuitively and unambiguously describe the relationship
between the stages of the development module and the development sequence, as shown in
Fig.7.
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Fig. 6 Engine structure diagram
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Table 3. Hierarchical Design Activity Matrix from Vehicle to Engine

Vehicle System | Remore Control | intell. Beaving | Infor. Bearing | Platform Chacsls |[Pawertrain | Tramsmision | Power System | Crank Link  |Body Design | Mywheel Design |Piston Selection | Ring Selection | Connecting Rtod [Crank Design | Bearing Pad
Vehide Sysiem
Remate Control Vehlcle 1
Intelligent senving Maiiorm 1
Information Beartug Platform 1 1 L 1
1 1 1
1 L 1
1 1 1 1 1
. 1 1 1 1 1
Crank Link Mechanism 1 1 1 1 1 1
Tody Destgn 1 1 1 1 1 [
1 1 1 1 1 1
1 1 1 1 [ [ 1
1 1 1 1 1 1 L
1 1 1 1 1 1 1 1
1 i 1 1 1 1 1 i
liearing Pan Design [ 1 1 1 [ 1 [ 1

Table 4. Design Activity Reachability Matrix

Vehice System [ Remore Canrol | Intell. Bearing [ infor. Bearing [ Pratfoom Chassis | Pawertrain Transmission [ Powersystem  [cvank Link Body Design | Fiywheel Desion [ Piston Selection | Ring Selection [ Connecting Rod [Crank Destgn | Rearing Pad.

Vebide Systen

Remote Control Vebidl

Power System
Crank Link Mechanism

Body Destgn

Hywheel Design
Piston Selcction

Fiston Ring Selection

=l=l=|=|=l=|=]~

Hearing Pad Design

Table 5. Hierarchical representation of the original matrix

Vebicle System [ Remote Control |Intell. Beaing | infor. Bearing [ Platform Chassis [Pawertrain Transmisston | Power System | Crank Link Hody Design |Fiywheel Design | Piston Selection | Ring Selection | Connecting Rod [Crank Destgn | Bearing Pad

¥ ebicle System

Remote Control Vehide

Intaligent Bearing Matorm

Lransinission System
Power System
Crank Link Mechanism

Body Design

Flyw el Design

Piston Selectian
Piston Ring Selection

Conneeting Rod Design

Crank Design

Bearing Pad Design

After hierarchical clustering, from ground unmanned roadbed platform to engine research and
development is divided into 7 research and development levels, as shown in Fig.7 (a), the first
research and development level is composed of {ID1.1 Vehicle System} The second level
consists of {ID2.1 remote control System, ID2.2 intelligent Bearing platform System}; the third
level consists of {ID3.1 platform chassis system, ID3.2 Information Bearing Platform System};
the fourth level consists of {ID4.1 powertrain}; the fifth level consists of {ID5.1 transmission
system, ID5.2 power system}; the sixth level consists of {ID6.1 Crank connecting rod
mechanism, ID6.2 body design}; the 7th level consists of {ID7.1 flywheel design, ID7.2 piston
selection, ID7.3 piston ring selection, ID7.4 connecting rod design, ID7.5 Crank design, ID7.6
bearing design} composition.

After the engine development hierarchy is obtained, the design module development process
sequence of the product can also be obtained through the analysis of the directed graph, as
shown in Fig.7 (b), which is development process of the rotary piston engine based on the
activity diagram in SysML. The activity diagram clearly expresses the sequence of development
module activities and lays the foundation for subsequent product design.
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Fig. 7 SysML-based approach for vehicle-to-engine development

6. Conclusion

This paper firstly uses the combination of HDSM and SysML to model and optimize the complex
product design and R&D process to obtain the preliminary division scheme, and then uses the
directed graph, reachability matrix and strong connectivity judgment matrix to further plan the
preliminary division scheme The design effectively reduces the types and coupling of complex
product designs, improves the interoperability and utilization of complex product designs, and
also improves the design efficiency of ground unmanned roadbed platforms. Finally, SysML
graphical modeling is used to express the relationship of the developing process intuitively, and
the series spectrum of complex product modularization is obtained as a guide to plan the
functional modules of complex product design, avoiding unnecessary redundancy.

Acknowledgments

The authors are grateful to the anonymous reviewers for their comments, which have helped
to improve this paper. The authors acknowledge supporting funds from horizontal projects of
cooperation between Wenzhou Polytechnic and Wenzhou Xinmo culture and creativity Co., Ltd
(Project No. H2022007) and Research project on teaching innovation team of national
vocational education teachers (Project No. S]2020010102).

References

[1] Tateno, T. and B. Tudjarov. Web-based mechatronic simulation environment for open collaborative
design. in 2014 10th France-Japan/ 8th Europe-Asia Congress on Mecatronics (MECATRONICS
2014- Tokyo). 2015.

[2] Wang, H. and H. Zhang, Using collaborative computing technologies to enable the sharing and
integration of simulation services for product design. Simulation Modelling Practice & Theory, 2012.
27(3): p- 47-64.

172



International Journal of Science Volume 9 Issue 3, 2022
ISSN: 1813-4890

[3] Yu,]. et al, Integrated Simulation Modeling Method for Complex Products Collaborative Design
Using Engineering-APP: Beijing Institute of Technology No. 5 S. Zhongguancun Street Haidian
District Beijing 100081 China.

[4] Linli, LI, et al, Multidisciplinary collaborative design modeling technologies for complex
mechanical products based on digital twin. Computer Integrated Manufacturing Systems, 2019.

[5] Yu,]., et al. Ontology-Based Unified Representation of Dynamic Simulation Models in Engineering
Design. in ASME 2018 International Design Engineering Technical Conferences and Computers and
Information in Engineering Conference. 2018.

[6] Peng, G., et al, BOM-based design knowledge representation and reasoning for collaborative
product development. Journal of Systems Science&Systems Engineering, 2016.

[7] Zhang, H,, et al., A model-driven approach to multidisciplinary collaborative simulation for virtual
product development. Advanced Engineering Informatics, 2010. 24(2): p. 167-179.

[8] Peng, G., etal, A collaborative system for capturing and reusing in-context design knowledge with
an integrated representation model. Advanced Engineering Informatics, 2017. 33(aug.): p.- 314-329.

[9] Li, Y.L. and Z. Wei, Development of an integrated-collaborative decision making framework for

product top-down design process. Robotics & Computer Integrated Manufacturing, 2009. 25(3): p.
497-512.

[10] Novak, P., et al,, Integrating heterogeneous engineering knowledge and tools for efficient industrial
simulation model support - ScienceDirect. Advanced Engineering Informatics, 2015. 29(3): p. 575-
590.

[11]Gao Qingxuan et al, Research on Process Optimization Method of Product Collaborative
Development Based on DSM. World Science and Technology Research and Development, 2011. 33

(3): p-5.
[12] Sun Yadong et al., Research on complex product development process based on hierarchical design
structure matrix. Chinese Journal of Mechanical Engineering, 2011. 47(16): p.10.

[13] Rong Zhijun et al., Cluster Hierarchical Analysis for Product Design Structure. Journal of Wuhan
University of Science and Technology: Natural Science Edition, 2015.

173



