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Research on the complicated and indeterminate autonomous transportation system (ATS) has drawn increased interest in order
to better address issues associated with contemporary transportation development. Hoping to make transportation more
sustainable, economical, safe, convenient, and efficient, researchers try to address the expanding demands with the help of ATS
characteristics, i.e., sensing, learning, deciding, and reacting autonomously. The majority of research is focused on the ATS
architecture, which is currently in the design phase. To refine the relationship between entities in the architecture, this paper
proposes DESIEP, a method based on discrete event simulation (DES) for information exchange pairs (IEPs) in ATS. This method
can provide an intelligible description of the information stream while conveniently illustrating the control relationship of
sequential logic amongst the entities in the architecture. It helps researchers better understand the running mechanisms driven by
internal demands and external technologies of the system so as to diagnose, evaluate, verify, and optimize the designed ar-
chitecture. Meanwhile, this method also supports further research on the system evolution and architecture analysis, including the
functions, logic, and physical architectures of each generation, as well as their mapping relationships and parallel evolution

mechanisms.

1. Introduction

With the rapid increase in volume of information, number
of systems, and pace of iterative updates, the current
transportation systems relying on people to command is
difficult to meet the demand. It is vital to construct system
architectures that adapt to the new generation of trans-
portation system, i.e., autonomous transportation system
(ATS). Additionally, the transportation system needs to
transform from partial automation to full automation as
a result of emerging technologies such as artificial in-
telligence, big data, mobile communication, and satellite
positioning.

ATS stands for the trend in transportation development
that is focused on the future. In addition to roads, vehicles,
and pedestrians, ATS involves many elements, including
roadside equipment and technical facilities, etc. In the design
of the system, it is necessary to consider the problem of

cooperative work in the multiautonomous individual net-
work and the adaptive design of the system. Yue et al. [1]
considered the joint design of UAV-USV-UUYV networks for
cooperative target hunting in the maritime battlefield when
designing the intelligent control system composition and
intelligent control structure of unmanned combat systems.
Gan et al. [2] mainly consider how to choose the optimal
communication network link to maximize energy efficiency
in the process of UAV-assisted vehicle network commu-
nication. Xue et al. [3] considered the influence of the high-
speed mobile environment on the new multi-access scheme
of the 5G-Rlarge-scale Internet of Things and proposed the
corresponding improvement scheme. It exhibits unique
characteristics compared to other systems, including sens-
ing, learning, deciding, and reacting autonomously. These
characteristics determine that ATS is a dynamic and
evolving system rather than a static one. Therefore, com-
prehensive principles are needed for the design of ATS


https://orcid.org/0009-0006-8804-2679
https://orcid.org/0009-0007-1076-0424
https://orcid.org/0009-0006-7096-0199
mailto:lijunyuan@sutpc.com
mailto:liangc@sutpc.com
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/6909964

architecture. By establishing an ATS architecture, the system
generation will be divided depending on the running
mechanism that is driven by internal demands and external
technologies of the system. The architecture is also examined
in conjunction with the evolution method, including the
functions, logic, and physical architectures of each gener-
ation, as well as their mapping relationships and parallel
evolution mechanisms. The analysis method of system ar-
chitecture can also refer to some algorithms from other
fields. Chen et al. [4] proposed an efficient hybrid optimi-
zation algorithm based on mesh search and improved
Nelder-Mead simplex (GS-INMS) for parameter identifi-
cation of the PV model. Although the application field is
different, the algorithm optimization ideas can be referenced
in the optimization of architecture parameters.

In short, according to principles of ATS architecture, the
standardized architecture design and implementation
technology are eventually made possible, and the design
reference scheme may be offered for typical transportation
scenarios. In other words, it is first important to assure the
accuracy of the existing system architecture or design
principles in order to ensure that the research on ATS may
be conducted properly.

Intelligent transportation system (ITS), which includes
architecture reference for cooperative and intelligent
transportation (ARC-IT) in the USA [5], ITS Canada [6],
ITS in China [7], etc., are representative of the existing and
reasonably mature research on transportation systems. For
better research on the association and running mechanisms
of various elements in the system architecture, many ap-
proaches to describing and modifying the logical and
physical relationships between entities have been proposed.
E.g., Michal and Moler [8] developed a modular framework
called AgentPolis, which can support the implementation
and simulation of transportation systems with a high level of
interaction, but its abstraction of entities and agent behavior
has to be perfected. Salazar-Cabrera and Pachon [9] pro-
posed an ITS architecture design method allowing the in-
tegration and interoperability of new services with current
technologies and service platforms, but its scenario has
urban or regional restrictions.

However, ATS is more complicated, changeable, and
understudied when compared to ITS. As mentioned by You
et al. [10], component analysis, evolution prediction, and six
other challenges must be addressed when creating ATS
services, and current approaches have certain flaws and may
be improved. One of these, component analysis, is closely
tied to the internal attributes and relationships that char-
acterize the ATS architecture and is specifically focused on
the two entities that exchange information in the ATS, i.e.,
the information exchange pair (IEP).

The initial focus of information exchange research was
on human relationships, but it has now evolved to include
Internet data sharing situations. The research subject of the
information exchange for the transportation system may be
identified as the transportation entities that can be merged in
pairs. Shen et al. [11] developed IoT-IDIVS, which in-
corporates data from transportation systems and can
monitor vehicles in real-time with the assistance of roadside
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units. Gao et al. [12] proposed a vehicle-consensus scheme to
realize traffic information retrieval and vehicle route man-
agement with information exchange. Jacobsson et al. [13]
explored the automatic sharing of interoperable information
on intermodal freight transportation systems. These studies
utilize paired transportation entities, including travelers,
carriers, infrastructures, etc., to discuss their data exchange
process. However, IEPs in ATS also need to talk about the
large-scale entity group and characterize the pair’s particular
impact connection, which is not covered in the
previous study.

It is found that there is no corresponding research on
IEP, and an appropriate method should satisfy the following
criteria:

(1) The method can fulfill the demand of dynamic
analysis in ATS architecture design.

(2) The method can be directly applied to various IEPs,
and the application procedure is convenient and
simple.

(3) The method can always meet the emerging appli-
cation demands.

Simulation is a suitable strategy since there is a research
demand for a dynamic analysis of the ATS design. Many
researchers in the transportation field frequently use sim-
ulation to back up the viability of a proposal. The tools can be
off-the-shelf simulation software [14-16] or a self-built
simulation system platform [17-19], but the majority of
them are based primarily on the defined scenarios to sim-
ulate and assess the functioning of certain entities. In the
field of transportation, Kogler and Rauch [20] summarized
the pertinent research on the analysis of multimodal and
unimodal transportation supply chains using DES, pointing
out that the existing research has an imprecise interpretation
of the simulation model and scant details about the verifi-
cation and validation process, and there are research gaps in
many simulation details. Felde et al. [21] developed
a transportation system simulator that enables parallel DESs
on high-performance computers, but its current analysis of
model validation and performance outcomes is insufficient.
Sebastiani et al. [22] conduct DESs of urban BRT public
transportation to optimize operations, but their scenarios
are lightly constrained and concentrate more on energy
consumption. Moreover, there is currently no method to
support the description of the information exchange process
or to apply it to the level of the transportation system ar-
chitecture design.

To fill the current gaps, this work proposes a DES-based
method for IEPs in ATS, named as DESIEP. The major
contributions are summarized as follows:

(1) A modeling and simulation method is proposed to
describe the IEPs in the ATS architecture. This
method can also be applied to study diverse system
structures.

(2) This method can visually describe the IEP and cal-
culate the efficiency of information transfer. It will
promptly provide feedback to the system for ATS
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architecture design, which is convenient for users to
design and modify.

(3) Through the building simulation model of the IEP
for a concrete scenario, the results show that the
model can be well compatible with the IEP in this
scenario. The information retention of all links in
each time step of the information exchange process
can be counted, and the user can judge the rationality
of the structure of the information interaction pairs
by the value of the retention and the law of change.

The reminder in this paper is arranged as follows. In
Section 2, some related work is presented to summarize the
current challenges and related solutions in IEP. Section 3
introduces the related concepts and methods of IEP and DES.
Section 4 describes the process and details of constructing the
simulation. In Section 5, a scenario example is presented to
demonstrate and analyze the simulation result. Finally, Sec-
tion 6 concludes this study and discusses the future work.

2. Related Work

This section summarizes the challenges encountered in IEPs
studies using simulation methods as well as related work to
address them.

2.1. Emerging Challenges. In order to describe the in-
teraction behavior of IEPs more accurately and make the
research work efficient, three main challenges need to be
faced, namely:

2.1.1. The Expression Ability of Exchange Behavior. The most
basic function of IEPs is to express the logical control re-
lationship between each module in the ATS architecture.
Therefore, the simulation model of IEPs should have the
ability to express the control relationship. The influence of
this ability should include two aspects. One is that the in-
formation receiver changes with the information trans-
mitted by the information producer, which is common in
simulation scenarios for classical network communication
[23] or data transmission [24]. The second is that the in-
formation generator includes a feedback mechanism based
on the status of the information receiver, similar to how the
state and control in a simulation of a traffic stream operate as
a feedback loop to act constantly in real-time [25].

2.1.2. Description of the Amount of Information Transmitted.
When the quantitative expression of ATS architecture is
involved, the IEPs also need to express the amount of in-
formation transmitted per unit time. Therefore, the simu-
lation model should be able to transmit information which is
expressed discretely or describe the amount of information
transmitted per unit time [26, 27].

2.1.3. Individual Differentiation. Different IEPs have dif-
ferent attributes, physical meaning, amount of received
information and meaning, so the simulation model should
be able to express the differences in the above points.

Additionally, this would offer architecture-based customized
configuration and have high levels of flexibility, stability,
scalability, etc [28, 29].

2.2. Related Solutions. Analyzing the research methods that
have been applied to IEPs, it is found that there are usually
two research approaches: one is to build mathematical
models, and the other is to build detailed ATS architectural
models.

Build mathematical models: the simplest way is to di-
rectly set some basic parameter values. Most of the ATS
architecture research is based on qualitative research, and
IEPs mainly represent the logical control relationship be-
tween modules. As for the quantitative description, usually
define some basic parameter values directly or according to
the different levels set several parameters. But directly de-
fining parameters can only extend the description of the
results of qualitative analysis. It cannot accurately describe
the information interaction on the specific interaction. So,
a mathematical model related to the information receiver
can be established, and it can be used to describe the amount
of information transmitted by IEP [30, 31]. In this way, with
the help of mathematical formulas, individual differences
between different IEP can be expressed, and their sensitivity
to receiving incoming information can be described. The
mathematical model can express the individual differences
of different IEPs, and the information amount of each IEP
per unit time will change with the different information
amount. Additionally, the model is optimized using data-
driven concepts. For example, Hao et al. [32] optimize the
decision equation based on rough set theory to facilitate car-
following among cars with various features. The effect, which
cannot be simply stated by a mathematical formula, will be
significantly impacted if it is oriented to a complicated
structure due to the implausible assumptions and laborious
parameter calibration procedure. Therefore, some papers
construct neural network models to describe IEPs [33-35].
However, none of these methods can effectively and in-
tuitively obtain the physical meaning of IEP. In particular,
the more complex the model is, the more difficult it is to
understand its physical meaning.

Build detailed ATS architectural models: Research on the
ATS architecture, there has been a lot of use system dy-
namics modeling for architecture. There is a split process in
the modeling process. And IEP will be subdivided into
multiple modules. Modules are connected by a fixed relation
or a concrete equation, so IEPs can be viewed as a combi-
nation of several relationships.

Table 1 provides a thorough review of various strategies.
In light of these methods, this paper investigates IEPS using
the DES model. In Section 3, IEP and DES will be introduced
in detail.

3. Concepts and Methods

3.1. Information Exchange Pair. Early on in the field of
design, the idea of information exchange was employed to
characterize design behavior [36]. It was progressively
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TaBLE 1: Challenges and representative solutions in the IEP (®: solved; O:not-solved; @ : partially).
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described as the method of exchanging information amongst
communicators, and today it is primarily used in computer
science and Internet technology. The logical control re-
lationship is represented by behaviors that are comparable in
both physical objects and functional modules in ATS design.
To exclusively express this control relationship in ATS ar-
chitecture, researchers provide the idea of IEP.

IEP is different from the typical information exchange
behavior. The behavior of information interaction is spe-
cifically directed at two individuals who have specific in-
formation interaction, which are particular objects with fine
granularity. The physical granularity of objects in ATS ar-
chitecture, however, is not just restricted to microscopic
levels, but may also refer to a group with coarse granularity,
as shown in Figure 1. And the items stated here pertain to
more than just concrete physical things. Furthermore, the
information exchange behavior typically only represents the
logical relationship between the two described parties, while
the IEP also needs to describe the specific influence re-
lationship between the two, and the information transmitted
is represented by the information stream contained in
the IEP.

The relationship between the two must be fully outlined
in the IEP. Information generator (IG), information receiver
(IR), control relationship of sequential logic (CRSL), and
information stream (IS) should all be included in the IEP as
a whole. Some characteristics of the IEP have been described
in Section 2, The following is a detailed description:

(1) Independence. All IS and CRSL are exclusive to the
IG and IR of this IEP and have no connection to the
other architecture components.

(2) Closure. There will be no external transmission of
any IS or CRSL, which will only take place within
this IEP.

(3) Directionality. IS is from IG to IR.

(4) Information-Volume. This is the data volume of IS
delivered by IEP.

(5) CRSL-Feedback-Mechanism. In IEP, there is a CRSL
whose direction is the direction of IS, i.e., usually
from IG to IR. Due to its control relationship, the
information transmission process will alter. Addi-
tionally, there will be information feedback effects,
meaning that when IR gets information, it may re-
spond by providing feedback to IG.

(6) Physical-Meaning. All processes of IEPs can be
mapped in reality and find their realistic meaning.

IEP can describe the CRSL between various ATS ar-
chitecture components, which is a further statement of the
architecture relationship. The research on IEP enables users
to design while also assisting scholars in their understanding
of the interactions between components.

3.2. Discrete Event Simulation. A group of entities that in-
teract and associate with certain rules in order to accomplish
specific goals is referred to as a discrete event system. The
discrete event system has discrete events, each of which takes
place in a certain order or under specific circumstances [37].

After analyzing previous DES situations, the modeled
items may often be split into different basic logical structural
relationships, as shown in Figure 2 in the form of Petri nets.

In principle, DES may be used to replicate the IEPs of
ATS since the internal sequential logic of IEPs in the ATS
architecture can likewise be roughly separated into the
aforementioned basic structures. Among DES models, the
process model is based on specific process activities, and
a comprehensive discrete event model is formed through the
logical relationship between each process link. As shown in
Figure 3, the bus’s whole route, from departure to arrival, is
simulated. Figure 3 shows the entire operation of the bus
from the start to the end of the station. In Figure 3, These
Modules (“BusSource,” “LineToRoadnet,” “Roadnet,”
“trafficmangement,” el at.) respectively represent the factors
affecting the efficiency of bus operation. Buses select specific
routes according to the target stations and are affected by
road structure and grade, traffic control facilities such as
traffic lights, road conditions, possible emergencies, and
queuing when entering the station. The whole process is
complete when the bus completes its inbound behavior.
Process simulation can describe the phases and processes of
sequential flow. It is a technology based on process testing
and quantitative analysis, whose essence is a numerical
simulation technology based on running sequential pro-
cesses. Process simulation may therefore effectively illustrate
how IS is conveyed across IEPs.

This work constructs some fundamental process com-
ponents in process simulation, and a process simulation
model based on IEPs will be constructed through the dis-
assembly and assembly of components. We can comprehend
the functioning of IEPs through the statistics of information
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volume in each process module during simulation, and some
calculation parameters can also be set to obtain the in-
formation desired by users.

4. Simulation Construction

The overall workflow of simulation construction is shown in
Figure 4, which is divided into four parts, i.e., analyzing IEP,
constructing process simulation model, defining simulation
parameter, and drawing conclusion from simulation. The
CRSL of IEP can be expressed intuitively through simula-
tion. Regarding the information feedback mechanism that
should also exist between IEPs, it is possible to track changes
in the original link using the specific modifications to each
link in the sequential process.

4.1. Analyzing IEP. 1EPs in ATS are influenced by physical
objects in the architecture and the IS between physical
objects. The related process activity may be found by ana-
lyzing the physical object information of architecture that is
provided in IEPs. The cornerstone for building process
simulation models is process activities, and process activities
may often be obtained through IEP in two different ways:

(1) Generally, in order to characterize IS transmitted by
IEPs, architecture researchers would develop the
unique process present in IEPs. Therefore, it is
feasible to immediately locate relevant process ac-
tivities utilizing the IG and IR of IEP.

(2) According to relevant data, users can query discrete
activity events that are a part of the process. Then in
accordance with the logical relationship (e.g., Or,
And, Union, Serial, etc.), they can arrange and
combine these activity events to obtain the process
activities that are suitable for IEPs.

4.2. Constructing Process Simulation Model. The process
activity model defines fundamental modules including
Source, Sink, Delay, Split, Combine, Select, Hold, etc. Several
modules can be merged to reflect the logical relationship
mentioned above, and Figure 5 depicts their combined
expressions.

Journal of Advanced Transportation

The information entity is crucial to completing all
process links in a process simulation. The full process
simulation is finished when it is created from source and
flows via each component module into sink in the direction
of the connecting line. The process module can carry in-
formation entities and will specify particular functions upon
initialization. The roles of the aforementioned modules and
their corresponding construction features are as follows:

(1) Source. It produces information entities and is where
all information entity processing begins. All pro-
cesses begin with the generation of information flow,
Source is the first component and has no upstream
process activities.

(2) Sink. It acts as the end of the process for all in-
formation entities. All processes end with the col-
lection of IS, Sink is the final component and has no
downstream process activities.

(3) Delay. 1t is the basic component module. The module
is delay if there are no exceptional events. The in-
formation entity will be stuck when passing through
the module. Therefore, by giving its actual meaning,
it is possible to characterize that an information
entity is doing some activity when passing through
the module. When modeling, delay is employed if
there is just one process activity upstream and
downstream of a process activity and the sequential
information only remains in this location for
a short while.

(4) Split. It divides a number of information entities.
There will be several process activities downstream
but only one upstream for the process activity that
corresponds to this component. Examining if the
two downstream processes are on the same logical
timing level is crucial when modeling. Split will be
utilized if the two processes are run simultaneously.

(5) Combine. It generates a new information entity by
combining multiple existing information entities.
Combine will be utilized if the process activity
corresponding to the component contains more than
one downstream process activity but only one up-
stream process activity, and there is a process activity
corresponding to Split before that.

(6) Select. It provides multiple processing directions for
information entities. This component’s associated
process activity is similar to Split, i.e., there are
several downstream process activities. Only one of
the branches, though, can be selected to carry out the
further processing steps. For instance, while
approaching a fork in the road, a person can only
proceed in one direction. Select will be employed in
this case.

(7) Hold. 1t prevents the information object from
moving on to the following the module, forcing it to
stay in the current one. The process activities cor-
responding to this component are subject to clear
restrictions. E.g, when there are too many
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FIGURE 5: Expressing logical relationships in process simulation.

passengers in the subway station during peak hours,
the staff would set up barriers to keep people out
until the number of passengers lowered to a partic-
ular threshold. Hold can be used to illustrate this
process.

Additionally, users may regulate how the aforemen-
tioned modules behave by establishing conditions. E.g., the
number limit can be specified. The effectiveness of source
producing information entities may decrease as the number
of reaching sinks exceeds a particular threshold.

Following their extraction from IEPs, process activities
are converted into process components based on the
characteristics of each component. The aforementioned
component modules are then joined by directed lines to
create a process simulation model based on the logical re-
lationships before and after the process activities.

4.3. Defining Simulation Parameter. There are two kinds of
parameters for process simulation. The settings for the
simulation’s general running are one (e.g., simulation step
length, simulation time, amount of information expressed
by process entities, etc.). The second is the parameters set for
the function of process modules, which should account for
the actual basis and be tied to the physical meaning of the

process activity module. Below is an explanation of the
aforementioned ideas with an example.

Figure 6 depicts a process simulation representation of
the aforementioned concept. The parameters for the sim-
ulation’s running parameters are shown in Table 2. Several
ones are set according to their physical meaning, such as the
simulation step size of 10 ms for the process in 1s and the
IGs’ recurring generation of 10kb data.

Meanwhile, when setting the parameters of flow module
functions, the actual situation is the reference, and the
following are some examples: (1) Hard disk drives (HDDs)
or solid-state drives (SSDs) are usually employed as backup
storage. HDDs operate at a speed of roughly 120 M/s,
whereas SSDs operate at a speed of 500 M/s to 3500 M/s. In
this case, the storage speed of the simulation is set to 1000 M/
s, and the time required for backup storage is 0.01 ms. (2) For
video data, a two-stage target detection algorithm (detection
speed is about 11 frames/s) or a single-stage target detection
algorithm (detection speed ranges from 5.4 frames/S-65.8
frames/s) is usually adopted [38-40]. We selected 10 frames
as the default speed for algorithm processing. Assuming that
a frame of 1280 * 720 video is about 10kb, it takes about
0.4 s to process entity. (3) The speed of 5G data transmission
is set to 1 Gb/s, and the time required for data transmission is
0.01 ms.
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TaBLE 2: Table of simulation parameters.

Parameter names

Parameter values Parameter units

Simulation time

Simulation step size

Process entity

Backup storage (delay)

Data preprocessing (delay)

Analytic algorithms analyze data (delay)
Data transmission (delay)

1 Second (s)

10 Millisecond (ms)
10 Kilobyte (kb)
0.01 Millisecond (ms)
0.5 Millisecond (s)
0.2 Millisecond (s)
0.01 Millisecond (ms)

5. Simulation Effect Analysis

The simulation scenario exemplified in this paper is shown
in Figure 7 (see the Tables 3-5 for module meanings), in
which information about environmental feature collected by
the route is processed and transmitted before eventually
entering the roadside sensing device. The information on
environmental features collected from routes is divided into
two categories, i.e., road pavement data and road structure
data. They disassemble and model the format specification,
transmission, and storage of data, respectively, and then the
processed data is fused and collected into the roadside
sensing device.

The structure of the simulation model has been de-
termined not to change in the simulation process, and the set
parameters are fixed without setting random variables. The
simulation is conducted for the structure itself; the final
simulation results will not change with the number of
simulation. In this scenario, we assume that the data
transmission rate over the line is constant. Therefore, the
process of transmitting IS is considered to be a stable
transmission process and can be divided into a certain time
granularity. This time, the simulation time is 1s, and the
simulation step is 10ms. During transmitting IS of the
environmental feature, the entities in all the processes
represent a single data volume of 10 kb.

Different output parameters can be set to characterize
the impact of user demands. E.g., we can directly count the
number of information entities received by Sink throughout
each simulation step if we want to find out the final response
status to the information transmission of IR. And the period
between modules is approximately 0.18, which is related to
the simulation scenario.

As shown in Figure 8, the X-axis is simulation step,
which records the duration of simulation, and the Y-axis is
simulation count, which records the statistics of the trans-
mitted process entities. The IS sent by IG goes through each
link in the process, and the time when the IS reaches each
module can be counted in simulation. We counted the time

when IS arrived at the IR module and counted the number of
IS arriving at IR at each moment according to the time series,
so that the change in IS quantity received by IR with the
simulation time could be obtained. Figure 8 shows the
amount of IR received accumulation at each moment, and
the relationship diagram shown in the figure is obtained in
chronological order. So, Figure 8 reflects the change of the
amount of IS received by IR with the simulation time. Firstly,
we found that IR begins to receive information at 0.07s.
Then the volume of information keeps on growing over time,
and a total of 63.7 MD of data is received in a single second.
When designing architecture, the information processing
effectiveness of IEPs can be utilized as a guide to appro-
priately set the attribute values of the associated physical
objects.

In the process, IG will set the information generation
situation, and the process entities will flow through each
module of the simulation. In this process, the number of
process entities in each module of each simulation step is
counted. The users can obtain the location of the in-
formation blockage from the output data. The location of the
information jam is the bottleneck point of the simulation. By
keeping track of the amount of information entities held in
each Delay, the running bottleneck of the process can be
determined. Figure 9 shows the number of information
entities counted by each delay at the first second. The result
indicates that while the majority of the information in Delay
is dynamically balanced, some of it exhibits abnormalities. In
a normal net, there are upstream and downstream modules
except IG and IR. If the information received by the module
from the upstream module cannot be consumed in time, the
information will accumulate continuously. In a normal
system structure, each component has an upper limit for
storing information. If the information accumulates con-
tinuously, it will reach the storage capacity of the module,
resulting in information blockage in the system. In reality,
there is no actual object that can hold information in-
definitely. Therefore, abnormal links should be dealt with
first in optimization to avoid information blockage in system
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FIGURE 7: IEPs simulation (from “route” to “roadside sensing device”).

architecture. Such abnormal links in the process might be
prioritized for optimization when the ATS architecture is
optimized based on the sequential logic in the architecture.

Furthermore, the eight special modules in Figure 9 are
selected, and Figure 10 displays the temporal relationship
between the quantity of internal storage entities. For each
individual module, the change in the quantity of internal
storage has an obvious periodicity. The period among
modules is approximately 0.18, which is related to the
simulation scenario. Meanwhile, it can be found that the
modules located upstream of the same Combine module
have basically the same value and trend, e.g., d7 and d12, or
d13 and d18. Notably, d37 showed a delayed change trend
with respect to d38 and d39, which may have been a result of
the scenario setup or may have served as the point of
penetration for the anomaly investigation.

Scenario experiments show how DESIEP may be used to
characterize the architecture and its elements in an intuitive
and effective manner. On the one hand, the process simu-
lation model constructed based on IEPs analysis clearly
describes the architecture structure and the transfer of IS. On
the other hand, the execution of the simulation visualizes the
internal operation of the architecture and the CRSL, and the
simulation results can efficiently and accurately assist

researchers in parsing, understanding, and improving the
system designs in ATS.

In this case, we can be clearly observed that different
technologies have direct influences on simulation parameter
settings, such as different storage technologies affecting data
storage time and different data transmission technologies
affecting data transmission time. All these are directly related
to the efficiency of the transmission of information flow.
When designing the architecture, researchers can use this
method to find the specific impact of different technologies
on the efficiency of information transfer between architec-
tural elements. Researchers can also adjust the architecture
according to the degree of impact. For the already designed
architecture, it can also evaluate and find the position of the
architecture to be improved, so as to facilitate the researchers
to adjust and optimize the already designed architecture. In
addition, the results obtained by simulation statistics can
also confirm the correctness of the structure of the IEP. The
accessibility of the structure can be guaranteed if there is an
information flow that completes the whole process. Re-
cording each module can provide feedback on the change in
sensitivity of the overall architecture to the transmitted
information, which is convenient for users to observe the
boundedness of the IEP.
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TaBLE 5: Table of simulation module (combine).

Module ID Module role Module name Upstream modules Downstream modules
cl Combine Collect all stored road surface video data d3, d5 dé
c2 Combine All road surface video data collection di, d2, dé cl3
c3 Combine  Collect all stored road surface millimeter microwave radar data do, di1 d12
c4 Combine All road surface millimeter microwave radar data collection d7, ds8, d12 cl4
c5 Combine Collect all stored road surface lidar data d15, d17 di18
c6 Combine All road surface lidar data collection di13, d14, d18 cl5
c7 Combine Collect all stored road structure video data d21, d23 d24
c8 Combine All road structure video data collection d19, d20, d24 cl3
c9 Combine Collect all stored road structure millimeter microwave radar data d25, d29 d30
cl0 Combine All road structure millimeter microwave radar data collection d2e6, d27, d30 cl4
cll Combine Collect all stored road structure lidar data d31, d35 d36
cl2 Combine All road structure lidar data collection d32, d33, d36 cl5
cl3 Combine video data fusion c2, c8 d37
cl4 Combine Millimeter wave radar data fusion c4, c10 d38
cl5 Combine Lidar data fusion c6, cl2 d39
6000 -
5000 -
g
8 4000 -
g
:!:;; 3000 -
@ 2000 -
1000 -
0 -
0.0 0.2 0.4 0.6 0.8 1.0

Simulation Step

FIGURE 8: Number of entities having completed the process as a function of simulation time.
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F1GURE 9: Number of entities stored in each module after simulation.
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F1Gure 10: Timing heatmap of the number of entities stored in each module.

6. Conclusions

The above chapter introduces the application of discrete
event simulation in the modeling of the ATS in-
formation interaction surface through application ex-
amples. In essence, this work is a supplement and
extension of ATS architecture research and effectively
solves the problem that most current simulation studies
on ATS architecture modeling do not pay attention to
the operating mechanism of IEP. There are several ad-
vantages to establish a discrete event simulation system
for IEP:

(1) Grasp the overall changes: Researchers can obtain the
changes of each part of the target object with the
simulation time during the simulation process.

(2) Quantitative impact: Different statistical indicators
are set according to the information flow changes in
the simulation. When the architecture design or
related technologies used in the architecture change,
it is convenient for researchers to directly evaluate
the degree of change according to the statistical
situation of the indicators.

(3) Dynamic adjustment: Researchers can adjust the
architecture according to the simulation results.
After the adjustment, the architecture can be sim-
ulated again, and the adjustment can be evaluated
objectively by comparing the simulation results
before and after the adjustment.

Research on the CRSL between its entities can assist
relevant researchers in more thoroughly analyzing the
running mechanism, which is driven by both internal de-
mands and external technologies of the system. The

relationship between various entities may well be efficiently
described using the DES for IEPs in ATS suggested in this
research. Researchers could use this to enhance the archi-
tecture’s pertinent design and do more research on the
diagnosis, evaluation, verification, and optimization.

Many different industries can benefit from DES. The
simulation modeling technique for IEPs in the ATS archi-
tecture described in this work, namely DESIEP, can also be
used to examine other structures with the same characteristics,
such as the process of Internet information transmission.
Similarly, DES can be applied to study information-interactive
system architecture. Nonetheless, it should be noted that
modeling the design of a complicated system will become
increasingly challenging.

IEP simulation and architecture simulation could be
combined in future research. Through the simulation cal-
culation of IEPs, the volume of IS between components in
the architecture will be obtained, and the architecture
simulation might benefit from receiving the feedback in-
formation to improve its accuracy.
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