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[Abstract] The Intelligent Vehicle Cyber— Physical System (IVCPS) can control the operation trajectory of vehicles
based on road and vehicle information resources in real time, which has great potential in reducing vehicle energy
consumption. However, the current studies on Cloud- Based Predictive Cruise Control (CPCC) architecture ignore the
feasibility of architecture implementation and application, without verifing the rationality of the architecture. To establish
the links among architecture, application and verification, promote multi- domain and multi- disciplinary collaborative
design, joint simulation as well as system integration in IVCPS, this paper proposes the modeling method of IVCPS based
on Model-Based Systems Engineering (MBSE). Firstly, the overall layered architecture of IVCPS is constructed and the
elements of each layer of the architecture are clarified. Then Systems Modeling Language (SysML) is utilized as the
modeling tool and the Requirement analysis—Functional analysis—Logical analysis—Parametric calibration (RFLP) modeling
framework is constructed. Finally, a typical scenario of CPCC system within IVCPS is taken as an example. The RFLP
framework is utilized to model and analyze the requirements, functions, logics and parametric calibration of the CPCC
system. The modeling results prove that MBSE can realize the unified modeling of the requirement analysis, function
decomposition, logical architecture design and system parameter calibration of the CPCC system, promote simulation
verification of the theoretical architecture of the CPCC system and be able to test and analyze the effectiveness of the CPCC
architecture in optimizing the running trajectory and reducing fuel consumption of intelligent connected vehicles. This study
lays a foundation for improving the interactivity, reusability and compatibility of IVCPS system modeling.

Key words: Model-based Systems Engineering, Intelligent Vehicle Cyber— Physical System,
System Modeling Language, Cloud—based Predictive Cruise Control
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Abbreviations

CPS Cyber—Physical System

ICV Intelligent and Connected Vehicle

IVCPS  Intelligent Vehicle Cyber—Physical System
CCS Cloud-based Control System

TBSE  Text—-Based Systems Engineering

MBSE  Model-Based Systems Engineering

SysML

RFLP  Requirement analysis—Functional analysis—

Systems Modeling Language

Logical analysis—Parametric calibration

CPCC Cloud—Based Predictive Cruise Control
0 Introduction

Under the rapid development of information technolo-
gies, vehicles are developing in the direction of intelli-
gence and connecting, the application of Cyber—Physical
System (CPS) in the Intelligent and Connected Vehicle
(ICV) field becomes an important research topic! . Intel-
ligent Vehicle Cyber—Physical System (IVCPS) obtains
real—time information of roads, traffic and vehicles from
the Cloud-based Control System (CCS), uses the comput-
ing ability of the cloud to quickly calculate the driving
strategy of the car and transmit it to the ICV. This control
mode can significantly improve the safety of vehicle driv-
ing and reduce energy consumption, which is of great sig-
nificance for the development of vehicles in the direction
of low carbon and energy saving” ™.

At present, research on CPS, ICV and CCS focus-
es on network architecture and control algorithms. Xia
et al.”! designed an intelligent transportation network
physical control system based on CCS, the simulation re-
sults show that the system improves the dynamic perfor-
mance of the traffic control system. Based on CPS theory,
Li et al.”’ proposed CCS architecture for ICVs, which is
committed to connecting the 2 main fields of intelligent
transportation system and ICV, aiming to accelerate the
development of ICV. For control algorithms, Li et al.”
solved the optimal speed using accurate vehicle and fuel
consumption models on a cloud computing platform and
developed field experiments. Li et al.” performed predic-
tive cruise control for heavy duty commercial vehicles on

the highway by predicting slope information. Gao et al.”
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considered the influence of intersection queuing length
and dissipation time on vehicle driving, proposed a queu-
ing dissipation time estimation model, which saves bus
energy consumption and reduces waiting time. The above
studies have achieved many good results. However, the
research on architecture is often only theoretical from the
perspective of requirements, it ignores the feasibility of
application, the research on models and algorithms often
needs to first determine the fixed architecture and specif-
ic scenarios, when the elements of the architecture or
scene change, the model and algorithm need to be adjust-
ed. Therefore, it is necessary to realize the collaborative
design, joint simulation and system integration of [VCPS,
so that the requirements, architecture, model, algorithm
and application of IVCPS are coordinated, the compatibil-
ity and reusability of the architecture are improved. Sys-
tems engineering— based methods can solve modeling
problems of such multi—domain, multi-disciplinary com-
plex systems.

The traditional system engineering field uses
the Text—Based Systems Engineering (TBSE) method”'",
which realizes the task assignment, information interac-
tion between departments and information exchange
among different disciplines through a series of docu-
ments, tables, drawings and diagrams, such as operation
documents, specifications, interface definition documents
and architecture specifications. However, TBSE has the
disadvantages of poor requirements traceability, insuffi-
cient reuse and scalability. In recent years, MBSE"'" """ is
proposed to address these disadvantages and gradually
becomes a popular method in the field of systems engi-
neering modeling. MBSE uses the model to express the
requirements, design, analysis and verification process of
a system in the whole life cycle. MBSE can realize the
digital and graphical expression of the system through
the model so as to improve the efficiency of system de-
sign. Many research institutions have explored the appli-
cation of MBSE theory in various industries, different
modeling languages, tools and processes are proposed,

14]

such as Harmony SE method"", object—oriented systems

engineering method"” as well as Magic—grid method"? ,

et al. These studies are applied mainly in the fields of

1 18] [19]

aerospace'”, nuclear energy™ and automated factories
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There is no public research in fields of ICV and CPS.

To address the engineering modeling issue of com-
plex systems of IVCPS, this paper proposes a modeling
method for IVCPS based on MBSE. Firstly, the overall ar-
chitecture of IVCPS is clarified, the "V" model of the
IVCPS architecture is established. Then, a system model-
ing process based on requirement—function—logic—param-
eter is proposed, it realizes the forward design and model-
ing of IVCPS architecture. Finally, the typical applica-
tion scenario case of IVCPS proved that the proposed MB-
SE method can realize the transmission of status, data,
the layer—by—layer progression and correlation from re-
quirements to solutions, make the high traceability of
functions and architectures to requirements. The model-
ing of multidisciplinary and multi—domain complex sys-
tems under a unified architecture is completed, which ef-

fectively improves the interactivity, reusability and com-

patibility of IVCPS system modeling.

The paper is structured as follows. Section 1 intro-
duces the overall architecture of IVCPS. Section 2 pro-
poses the modeling method and process of IVCPS based
on MBSE. Section 3 gives the cases of IVCPS modeling
based on MBSE. Section 4 concludes the paper.

1 Overall Architecture of IVCPS

IVCPS is a typical complex cyber—physical system that in-
tegrates automotive, transportation, information and com-
munication systems. To perform sensing, decision—mak-
ing, planning and control, this system connects the physi-
cal layer and the cyber layer. At the cyber layer, the appli-
cations of decision—making and control algorithms for ve-
hicles and traffic lights can comprehensively improve the
safety and efficiency of vehicle driving and traffic flow.

The overall architecture of IVCPS is shown in the Fig.1.
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Fig.1 Overall Architecture of IVCPS

The cyber layer, also known as the cloud control
platform, consists of 2 parts: the basic platform and the
application platform. The basic platform is divided into

central cloud and regional cloud according, which can ef-

fectively collect and process real-time road traffic data
provided by vehicles and roadside sensing infrastructure.
Regional clouds provide parallel computing and wide—ar-
ea communication to run real-time collaborative applica-
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tions on a regional scale, such as an entire city. The cen-
tral cloud is capable of high—performance computing and
big data storage, mainly running non—real—time applica-
tions that serve the entire country. The application plat-
form obtains the dynamic data of vehicles and traffic
from the basic platform, deploys applications to improve
the transportation system, integrates ICV driving applica-
tions, intelligent transportation applications, industry
management and service applications based on big data.
The physical layer mainly includes ICVs and roadside in-
frastructure, the cloud control platform collects vehicle
dynamic data from ICVs, while other traffic dynamic data

is obtained through roadside infrastructures.
2 IVCPS Modeling Theory Based on MBSE

This section introduces the IVCPS modeling theory, tools
and process based on MBSE, explains each operation in
the modeling method in detail.

2.1 MBSE Modeling Language and Tools

The basis of MBSE is a standardized modeling language.
The traditional commonly used language is UML. With
the increasing complexity of system modeling, research
institutions have extended UML to meet the needs of com-
plex system modeling, and established a new modeling
language SysML that is superior to UML. SysML can
meet the requirements of system description, design,
analysis and verification in multiple fields including
hardware, software, information and manufacturing.
Therefore, this paper chooses SysML as the modeling lan-
guage for IVCPS.

Another important element of MBSE modeling is the
modeling tool, which needs to ensure the consistency and
integrity of the model when the model is changed. Sys-
ML-based modeling tools include CATIA Magic, Rhapso-
dy, Enterprise Architect, et al. Among them, CATTIA Mag-
ic has powerful functions, convenient conditions and
moderate implementation costs, its research team is deep-
ly involved in the research and development of SysML
standards, which is convenient for further expansion re-
search in the future. Therefore, CATIA Magic is utilized
as a modeling tool in this paper.

2.2 IVCPS Modeling Theory
The MBSE-based IVCPS architecture design process is
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based on the typical development process of MBSE V
model, as shown in Fig.2. The V model includes the
whole process of requirement development, system archi-

tecture design, simulation, verification and validation test.
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Fig.2 The V Model of MBSE

The left of the V model is the forward design pro-
cess, which graphically describes system requirement
analysis, functional analysis, architecture design and pro-
fessional simulation. The right is the verification process
from the bottom up, the system model established in the
left part is verified by algorithms and software. This pa-
per focuses on the left side of the system architecture de-
sign in Fig.2, verification test and other related works
will be gradually improved in future works.

The process of MBSE follows the Requirement anal-
ysis— Functional analysis— Logical analysis— Parametric
calibration (i.e. the RFLP process). Requirement analysis
defines the requirements of each level of IVCPS (i.e., sys-
tem level, subsystem level, block level and component
level) from multiple levels. Functional analysis designs
the various functions in the system architecture accord-
ing to the requirements of each system level and subsys-
tem level. Based on the analysis of requirements and
functions, the Logical architecture establishes a architec-
ture that can realize the functions of the system. Paramet-
ric calibration provides system solutions and performs
multi—dimensional parameter calibration and index issu-
ance to verify and implement the entire system solution.
The details of RFLP are shown in Fig.3.

Requirement analysis sorts out the requirements of
each element of the system and establishes the traceabili-
ty relationship between the requirements and the system
elements. At the same time, it establishes the traceability
relationship between top— level requirements, sub— re-
quirements and sub-requirements aim to ensure the con-

sistency of design. Finally, the requirement traceability
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matrix and requirement coverage rate are used to deter-
mine whether the requirements have been met, so as to
establish a complete requirements model.

Functional analysis divides system activities based
on different requirements, establishes accurate system
use cases to correlate system elements, requirements
and functions. Then, the use cases at different levels
are decomposed step by step to complete the mutual

traceability of system requirements and functions. Final-
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ly, the activity diagram is used to describe the imple-
mentation process of the system function and indicate
the input and output parameters of each activity node
in the activity process. The activity diagram can grasp
the associated information of system requirements and
ensure that when the top—layer requirements change,
the relevant requirements can be quickly located and

the impact of requirements changes in the system can
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Fig.3 MBSE Modeling Process Based on RFLP

Logical analysis establishes an internal block dia-
gram and defines the system logical architecture accord-
ing to the decomposition results of the system function.
Then it defines the subsystems and functional blocks that
make up the system, constructs the state diagram and se-
quence diagram at the same time to clarify the state pa-
rameters and information interaction of the subsystems
and internal blocks.

Parametric calibration uses parameter diagrams and
block definition diagrams to describe the hierarchy of sys-
tem, subsystem and internal blocks of the system as well
as the interaction relationship between system parame-
ters and information. At the system level, according to
the system operation plan and strategic requirements, it
is necessary to determine the key performance parame-
ters of system, then decompose and distribute the key
performance parameters to each subsystem to form an ar-

chitecture scheme that meets the system requirements.

Furthermore, each system requirement is modeled one by
one until all requirements can be met, subsystems at all
levels are associated and combined from bottom to sys-
tem level to form the architecture design scheme of the
entire system. The architecture is integrated with other
models for simulation purpose, the optimal parameter cal-
ibration scheme is selected as the final scheme of the sys-

tem according to the evaluation results.
3 The Case of IVCPS Modeling Using MBSE

3.1 IVCPS application Scenario Description

IVCPS has different definitions from different positions
and perspectives: Vehicle— Road Cloud Integration Sys-
tem (VRCIS), Intelligent and Connected Vehicle System
(ICVS) and Cloud-Based Predictive Cruise Control Sys-
tem (CPCC). Most of the current research focuses on ICV
under cloud- based condition, this paper studies the

CPCC scenarios for the adaptive control strategy of ICV
REXH |5
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under cloud control system.

The CPCC is shown in Fig.4, including CPCC
cloud control platform, intelligent and connected buses,
roadside equipment, map platform, other vehicles and
operation management departments as other systems
that interact with the CPCC system in the operating en-
vironment. In this scenario, the intelligent and connect-
ed bus sends vehicle operation data to the cloud con-
trol platform, generates adaptive cruise speed and feed-
back command execution data according to the vehicle

speed planning sequence and vehicle end point equip-

ment, the cloud control platform updates the bus driv-
ing strategy in real time based on the vehicle operation
data feedback. As a complex system, the model estab-
lishment of CPCC involves the coordination and cooper-
ation of multiple subsystems and multiple elements, its
system modeling needs to realize the integration of
CPCC top—level architecture framework design, system
requirements analysis, function assignment of various
subsystems, logical design, system parameters calibra-
tion, simulation algorithm development and parameter

management.
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3.2 Requirement Analysis

According to RFLP modeling process, the first step is re-
quirement analysis. The purpose of requirement analysis
is to obtain the requirements of stakeholders in the sys-
tem, clarify the system definition, design requirements
and constraints from users’ needs, realize the categori-
cal, hierarchical optimization organization and manage-

ment of requirements. CPCC involves vehicles, transpor-
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tation, communications, maps and other fields. In order
to ensure cross—field coordination and universality in var-
ious fields, this paper refers to some exist architecture
framework, such as the US Department of Defense Archi-
tecture Framework, the UK Department of Defense Archi-
tecture Framework, the Open Organization Architecture
Framework, et al., proposes a framework as shown in

Fig.5.
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The framework consists of 7 levels: strategy, stake-
holders, standardization services, security, protection and
system. Horizontally, it aims to ensure the consistency of
the requirements of each dimension; Vertically, it aims to
ensure top—down granularity of requirements within the 4
views of strategy, stakeholders, service, system and bot-
tom—up traceability of requirements within the 4 views. It
is further possible to reach consensus on the positions of
different members.

After the requirements are defined, the require-
ments model is established by using the SysML. The pro-
cess is shown in Fig.6. Firstly, the ICV system framework
is analyzed and sorted out. Moreover, various require-

ments that need to be met are clarified, the requirements

are sorted out according to the process specifications. Af-

Architecture Reference

ISOTEC/IEEE 15288 » ISO/JIEC/EEE 29148

ter the requirements are clarified, modeled, the correla-
tion between the various requirements is then clarified
according to the requirements list, such as the stakehold-
er requirements need to be determined according to the
strategic requirements list, then the service requirements
and system requirements are guided, a clear traceability
relationship is formed between the various requirements
to verify whether the requirements are met. In this pro-
cess, it is necessary to analyze and describe the require-
ments with the help of requirement lists, requirement dia-
grams, use case diagrams and activity diagrams to
achieve the overall modeling of requirements. According
to the above method, the top—level requirements list and

requirements diagram of the CPCC are shown in Tab.1

and Fig.7 respectively.
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Tab.1 CPCC System Top-level Requirements List

1D Name

Text

CPCC-Strg-1 Market Business Strategy

Open up the business market of CPCC and develop related products / systems

We will improve urban congestion, reduce accident rates, improve the efficiency of

CPCC-Strg-2 Traffic Strategy bus operation, and comprehensively improve the capacity of comprehensive
transportation, operation supervision, and smart travel
CPCC-Sirg-3 Business development strategy Develop a clear profit model to realize the commercialization of CPCC
We will build a multi-tiered urban transportation system, and build smart cities
CPCC-Strg-4 strategy for urban growth P ysietls ’
low—carbon cities, and smooth cities

. . Save energy and reduce emissions, reduce carbon emissions, and achieve carbon

CPCC-Strg-5 Environmental protection strategy &y ’ ?

neutrality

CPCC-Strg—6 | Vehicle-road—cloud integration needs

As the terminal application of cloud control system, CPCC realizes the connection

of cloud control system from the top to the end

Innovative development strategy of

CPCC—Strg—7

intelligent vehicles

Build an intelligent vehicle technology ecosystem integrating vehicle-road, cloud-

network—map
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Fig.7 CPCC System Top-level Requirement Diagram

After the top—level requirements are determined,
the 7 types of requirements should be decomposed in de-
tails, taking the system requirements as an example, the
information is mostly based on tables or documents, so in
the process of establishing the system requirements mod-
el, the documents are organized into an itemized require-
ments list (Tab.2) and converted into a requirements dia-
gram (Fig.8). The connection with the cross—circle end-
point in Fig.8 represents the composition or decomposi-
tion relationship between the requirements, the graphic
at the end of the non—cross circular break point is used
to describe the requirements in more detail, the system
requirements model includes sub—requirements in 6 as-
pects, such as network communication requirements and
security control requirements. Sub—requirements can be
further subdivided. For example, network communication
requirements can be divided into road cloud communica-
tion requirements, cloud communication requirements
and vehicle cloud communication requirements (Fig.9).
The requirements diagram shown in Fig.8 and Fig.9 not
only realizes the graphical modeling of each requirement,
but also uses decomposition, traceability and other corre-
lations to manage the requirements, such as strategy—
stakeholder requirements traceability relationship as
shown in Fig.10. Through the requirements traceability

matrix can intuitively and clearly obtain the logical rela-
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tionship between requirements. The above is an example
of system requirement modeling, the requirements model-
ing of the remaining 6 levels also follows the same pro-
cess and methodology, so as to complete the require-

ments modeling of the entire system.
Tab.2 CPCC System Requirements Level List

ID Name Text
The system shall ensure the
. Connected .
CPCC~ - ability to conduct network
communication - . .
S-1 . communication with the vehicle
requirements . .
and roadside equipment
CPCC- | Security control Safety officer, emergency
S-2 requirements response, and control logic

CPCC~- | Data management The system has the ability to

S-3 requirements apply and record the data
CPCC— Operation The system meets the use needs of

54 management the bus operation and

needs management department

CPCC~ Run policy The system has the function of the

S-5 requirements output CPCC operation policy
CPCC— System iterative

56 upgrade The system can be upgraded

requirements

When there are new tasks or changes in design re-
quirements, the graphical and intuitive CPCC system mod-
el built based on SysML can easily and quickly complete
the operations by querying, adding, removing and modify-
ing the model. SysML significantly improves the reusabili-
ty of model and design information, reduces operational re-

dundancy and enhances the efficiency of model.
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3.3 Functional Analysis

Based on the system requirements model, a functional
model of CPCC system is established. The relationship
between participants and use cases in the CPCC system
is described by the use case diagram of SysML. More spe-
cifically, using activity diagram is helpful to refine the
process of describing the relevant functions of the sys-
tem. While, using the state diagram is helpful to analyze
the state of the relevant components of the system in oper-
ation. The process of functional analysis modeling is
shown in Fig.11. CPCC system includes intelligent and
connected bus driving, cloud control platform green—
wave traffic strategy planning and green— wave traffic
scheduling management, according to the target function
and participant relationship design, its use case diagram
is shown in Fig.12, each use case corresponds to one tar-
get function of the system. The following takes the cloud
control platform green— wave traffic strategy planning

function as an example.

( Functional Analysis Process

Functional Functional

decomposition

O

Interface
definition

Use case

definition definition

Functional
assignment

Function

traceability

Fig.11 Functional Analysis Flowchart
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Roadside equipment
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Fig.12 CPCC Use Case Diagram

The green— wave traffic strategy planning function
includes 10 sub—functions, such as obtaining bus opera-
tion data, obtaining bus operation plan, identifying traffic
flow and identifying signal lights. Its use case diagram is
shown in Fig.13(a). The relevant parties of CPCC system
include intelligent networked buses, bus operation man-
agement departments, map platforms and roadside equip-
ment. Then, the use case diagram is expanded and de-

fined separately. Taking the function of obtaining bus op-

10| 20234 £104H

eration data in the 10 sub—functions as an example, its
function is expanded as shown in Fig.13. Fig.13(b) de-
scribes the activity of obtaining bus operation data, the
CPCC cloud control platform requests bus operation data,
then intelligent and connected bus processes the request
and send operation data to the cloud control platform, the
cloud control platform receives the driving data and uses
the regional cloud for processing. The received driving
data is decomposed to obtain specific parameters such as
vehicle position, speed and 1D, outputted to the next asso-
ciated function. The above is only the modeling process
of one sub—function, the remaining sub—functions follow
the same modeling method and process. Finally, the es-
tablished functional model elements are traced to the re-
quirement model, as shown in Fig.13(c), so that require-
ments, stakeholders and system functions are related to
each other.

The above functional analysis process uses the activ-
ity diagram to specifically describe the implementation
process of the green—wave traffic strategy planning func-
tion of the CPCC system cloud control platform, which in-
dicates the input and output parameters of each activity
node of the cloud control platform in the traffic strategy
planning process, so that the source and subsequent asso-
ciated information of each system demand can be mas-
tered.

3.4 Logical Analysis

The functional analysis determines of the CPCC system
behaviors. Then the logical analysis will establish the da-
ta interaction interface and data flow types for the system
behavior based on the results of the requirements analy-
sis and functional analysis. Firstly, the logical analysis
defines the logical structure of the system using the block
definition diagram, uses the internal block diagram to de-
fine the internal structure and attributes of each subsys-
tem. Then it clarifies the connection relationship between
the blocks in the system. Finally, it determines the rela-
tionship among blocks and external material, data and en-
ergy. The process of logical analysis can be divided into
3 steps:

(1) Summarize the decomposed logical components
to form a system composition.

(2) Define the logical components interface and its
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flow attributes according to the matching functional inter-

face and object flow.

(3) Determine the association relationship of the log-

ical components of the system.

The cloud control platform green—wave traffic strate-

gy planning function described in the above section is an

example, its function is realized in the CPCC cloud con-

trol platform and the definition diagram of the CPCC

cloud control platform block is shown in Fig.14, includ-

ing the cloud control application platform and the cloud
control basic platform. Moreover, the cloud control appli-
cation platform includes intelligent bus management plat-
form, predictive bus green wave traffic application block
and other blocks. The predictive bus green wave traffic
application block can be decomposed into data process-
ing, decision generation and policy execution monitoring
sub—blocks, the decision generation sub—block can be

further decomposed.
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© Obtain speed limit information
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Fig.13 Use Case Diagram—Activity Diagram Example

architecture of CPCC cloud

control platform, the interactive interface of each compo-

nent, substance and information is clearly defined accord-

ing to the definition diagram. Taking the data processing

system, decision generation system, policy implementa-

tion monitoring block as examples, their interface defini-

tion is shown in Fig.15. The defined interface describes

various physical parameters,

such as map information, ve-

hicle information, traffic flow, signal light information,

roadside information, et al.

tion interaction relationship

, and indicating the informa-

of 3 sub—blocks of data pro-

cessing, decision generation and strategy implementation
monitoring. The established model relationships can ana-
lyze whether all system requirements have been met, as
shown in Fig.16. Finally, the association relationship be-
tween each component of CPCC cloud control system is
determined by the internal block diagram, as shown in
Fig.17, the interface definition and interaction relation-
ship of each block inside the CPCC cloud control basic
platform and the cloud control application platform are
obtained. The explanation of the functions of each stage

in Fig.17 is shown in Tab.3.
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Fig.17 Internal Block Diagram of Cloud Control Platform
3.5 Parametric Calibration the in—the—loop verification for system architecture, so
After the logical architecture design and model con- as to realize the application of system functions and log-
struction are completed, it is necessary to calibrate ic.
the model parameters, generate multiple scenario sim- The parameter calibration process of CPCC system
ulation test schemes and choose the best one to realize is shown in Fig.18.
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Tab.3 The Explanation of the Connection Relationship Between Cloud Control Platform Modules

Stage name

Line number

Functional explanation

Function request

@

Establish a vehicle-regional cloud connection relationship, the regional cloud
receives function requests and information from the vehicles, forwards them to
the intelligent bus management platform.

Cloud control platform
function self- check

After receiving the function requests, the cloud control platform implements the
self—check, the intelligent bus management platform sends a call signal to the
regional cloud management system, the regional cloud management system
performs the function self-check and feedback it to the cloud control
application and the vehicle.

Function preparation

After the cloud control platform is self-checked, the regional cloud checks the
vehicle service and issues the key parameters and driving range information of
the controlled vehicle according to key information such as map data and bus
operation plan. The regional cloud management system finds the edge cloud
according to the driving interval information and sends the segmented driving
zone information and vehicle information to the edge cloud.

Functional data assignment

The cloud control basic platform sends the edge cloud function start signal to
the edge cloud in the operating area and sends key information data such as
vehicle ID, driving range information, planning speed and acceleration.

Vehicle-Edge Cloud

Connection

According to the vehicle positioning information, the edge cloud IP address is
accessed, real—time information such as vehicle ID, location and speed is sent,
the edge cloud management system identifies the vehicle identity through
information comparison and forwards the real-time vehicle information to the
predictive bus green—wave traffic application by the communication system.

Vehicle speed sequence
generation

After the vehicle is connected with the edge cloud, the data processing system
processes the relevant data of the regional cloud, roadside equipment and map
platform, sends the results to the decision—-making system. decision—making
system generates a speed sequence and transmits it to the target vehicle and the
green—wave traffic application of the predicted bus.

Algorithm iteration

@

After the speed sequence is issued, the vehicle uploads real-time vehicle
operation data, the predictive bus green—wave traffic application checks the
execution of the speed sequence and decides whether to update the algorithms.
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(1) The first step is to set the parameter limit value

range in the architecture model and adjust the system

@System parametric calibration

Fig.18 System Parameter Calibration Process

scenario simulation parameter settings.

(2) The second step is to run the scenario simulation

model, output the evaluation parameters and process the
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results.

(3) The third step is to evaluate the system design
and allocate indicators.

(4) In the fourth step, the simulation results of the

complex large system are sent to the key parameters in
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the member system to achieve the distribution of system
operation indicators.

The system parametric calibration method establish-
es the simulation verification interface block diagram by
SysML. Then, SysML is utilized to realize the unified call
and control of the whole process of multiple simulation
software. Furthermore, the CPCC system architecture
should be optimized from multiple dimensions, it is nec-
essary to realize the scheme trade—off under the specific
position dimension of the CPCC system. Finally, the opti-
mal architecture and implementation scheme are select-
ed to meet the operation requirements of complex large
systems, the key parameters of member systems such as
vehicles, roads, clouds and networks are calibrated.

Repeat the above process for each subsystem and
subblock of the CPCC system until every function and ev-
ery requirement in the system is met, finally a CPCC sys-
tem architecture model can be formed after verification,

confirmation, weighing and evaluation.
4 Conclusions

This paper studies the application of MBSE method to
IVCPS modeling and architecture design:

(1) The RFLP modeling process is utilized to realize
the MBSE system modeling of IVCPS, including 4 stages
of requirement analysis, functional analysis, logical anal-
ysis and parametric calibration. The system model is con-
structed by applying SysML and Catia Magic to realize
the visualization and intuitive description, to form an inte-
grated system architecture with requirement— function—
logic—parameter progressing and related layer by layer.

(2) The system requirements of IVCPS are sorted out
through requirement analysis and requirement diagram,
the traceability matrix is used to establish the requirement
traceability relationship between different levels.

(3) Through functional analysis and use case dia-
gram, several functions to meet the requirements of the
IVCPS system are determined, the relevant activities car-
ried out by the functions are analyzed by applying the ac-
tivity diagram, the correlation and traceability relation-
ship of the functions and requirements are established.

(4) Through logical architecture design and se-

quence diagram, the logical architecture, which meets

the system requirements and realizes the system func-
tions, is designed.

(5) Through parametric calibration, block definition
diagram, internal block diagram and parameter diagram,
the logical architecture is clarified and realized, the trace-
ability matrix of system requirements and parameters is
established to ensure the consistency of design informa-
tion and requirements.

(6) The results show that the MBSE method has
guiding significance for solving the modeling problems of
IVCPS complex system, which can enhance the traceabil -
ity of requirement information, ensure the consistency of
design information and requirements, improve the reus-
ability of models and the scalability of architecture, im-
prove the efficiency of overall modeling and architecture

design as well.
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