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Autonomous vehicle (AV) is expected to be the ultimate solution for traffic safety, while autonomous emergency braking (AEB),
as a crucial and fundamental active safety function of AV, has excellent potential for reducing fatalities and improving road safety.
Although AV has the ability to cope with harsh conditions, it is supposed to be tested fully, systematically, and rigorously before it
is officially commercialized. +is study developed a novel indoor AV-in-the-loop (AVIL) simulation platform based on Client-
Server (C/S) architecture for real full-scale AV testing. +e proposed AVIL simulation platform consists of three parts: physical
hardware components, software components, and various electrical interfaces that ensure the bidirectional virtual reality (VR)
interaction. To validate the functionality and performance of the platform, this paper then adopted the Udwadia–Kalaba (U-K)
approach to build the AEB system based on a typical driving situation due to the explicitness and simplicity of the U-K approach.
Further, a group of real road-based experiments and AVIL-based experiments were conducted. +e experimental results showed
that the testing data obtained from the proposed AVIL platform have a high similarity to those of the real road tests, which means
that the proposed AVIL platform is capable of simulating the AV running condition when it performs linear emergency braking
on the road, thus confirming the feasibility and effectiveness of the AVIL platform for AV AEB testing. Simultaneously, the testing
time and repeatability of the latter performed better.+e findings of this study provide a new safe, effective, and fast solution to AV
testing, and the practicability of this method has been verified.

1. Introduction

According to the World Health Organization [1, 2], more
than one million people died in traffic accidents each year.
+is figure is 1.2 million in 2015 [3], 1.24 million in 2013 [4],
and 1.3 million in 2009 [5]. From these figures, road traffic
injuries are still one of the top ten causes of death worldwide.
Besides, road traffic accidents also cause a great deal of cost,
which is estimated to account for approximately 3% of the
entire world’s GDP [3]. In China, 63000 people are killed,
and 226000 are injured in traffic accidents every year [6].

Autonomous vehicles (AVs) are designed to free drivers
[7] from driving tasks and are expected to improve traffic
safety [8] and efficiency [9]. +ey also have great potential in
dealing with traffic problems [10–12]. AVs with great
adaptability that use advanced sensing, communication, and
control technologies have the potential to increase road
capacity and improve traffic operations [7, 13–15].

+e fully automated vehicle would eventually eliminate
driver errors, and ultimately, 90% of traffic accidents could
be avoided [16]. +erefore, the development of AV has
become an ideal way to reduce road traffic accidents and
improve traffic safety [17, 18]. Although AVs have many
advantages, several recent accidents have slowed down their
process of commercialization. Tesla canceled the propa-
ganda of self-driving feature, and Uber also terminated all
AV-related tests. In fact, both the government and academia
have reached an agreement that the AV needs to be fully,
systematically, and rigorously tested before it is officially
commercialized.

+e AV testing methods are mainly classified into four
categories: real-world-based, simulation-based, hardware-
in-the-loop- (HIL-) based, and vehicle-in-the-loop- (VIL-)
based. Actual road tests are more accurate, but they are time-
consuming, costly, and susceptible to weather, illumination
conditions, and changing traffic scenarios. In contrast, the
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simulation test is always based on specific software that has
the advantages of time-saving, cost-effective, and conve-
nience. However, it is generally based on the ideal mathe-
matical model and lacks several realistic considerations,
which might lead to a big gap between the simulation results
and the actual results.

HIL has been adopted in automotive industries [19]
since the early 1990s [20]. Over the past 30 years, many
researchers have proposed various HIL testing platforms.
Deng et al. developed a HIL simulation platform, which is an
integrated system of various autonomous driving pro-
grammers as an indoor environment to support the de-
velopment, testing, and verification of multiple functions
and algorithms related to sensor-guided AVs [21]. Galko
et al. brought a real car into the HIL loop, building a vehicle-
hardware-in-the-loop system to evaluate the new algorithm
and new hardware for driver assistance systems directly on a
complete vehicle [22]. Zulkefli et al. proposed a powertrain
research platform under the laboratory setup with a mi-
croscopic traffic simulator (VISSIM), which could be used to
test various intelligent transportation systems applications
such as cooperative adaptive cruise control, eco-driving, and
speed harmonization [23]. Chen et al. developed a simu-
lation-based HIL system that can flexibly construct vehicle
kinematic models, virtual sensors, and multiple simulation
scenarios and developed hardware control interfaces to
perform an effective closed-loop simulation in conjunction
with software interfaces [24]. Xu et al. proposed a HIL-scaled
platform for testing AV trajectory tracking with a mecha-
tronic testbed, consisting of the scaled roadway, scaled ve-
hicles, indoor positioning subsystem, and computer-aided
graphical user interfaces. It is intended to verify the accuracy
of the algorithms that would be transferred to the actual AV
[25].

+ese HIL platforms more or less have the following one
or several shortcomings: (1) only a virtual car or a part of the
car’s actuators is introduced to the test loop; (2) a scaled AV
is introduced; (3) although significant results have been
achieved, the effectiveness of the proposed and validated
function on the real full-scale AV still lacks verification; (4)
no bridging is found between software-defined AV and real
AV.

As the name of VIL indicates, the method of directly
testing a real vehicle can be considered as VIL test.
+erefore, all actual road tests can be considered as VIL tests.
To the best of our knowledge, there is a driving simulator-in-
the-loop testbed under the laboratory environment [26], but
there is almost no in-loop testing platform for real AVs. To
this end, a real AV-in-the-loop (AVIL) simulation platform
is proposed, which consists of a real AV, a set of mechanical
equipment, sensor-related black boxes, other types of
hardware, and software components. +e presented AVIL
simulation platform has the following advantages. First, a
real AV is introduced into the testing loop to connect the
software-based vehicle dynamics model supported by soft-
ware with the real AV. +e algorithm modules and pa-
rameters verified by software can be directly reflected on the
real AV. Second, the real AV runs on the bench, which can
be set with external factors such as road friction coefficient,

road geometry models, and road gradient to simulate var-
ious real road conditions for the AV. +ird, by deploying
sensor-related black boxes, we have made it possible for real
sensors to interact with virtual scenes, thereby maximizing
the restoration of the real road testing process to ensure the
homogeneity of the AVIL testing process and the real road
testing process.+e core contribution of this study is focused
on the AVIL platform we established. With some custom-
ized components, it becomes possible to use this platform for
full-scale AV testing in the laboratory environment, and the
AVIL test results are of great similarity to those of real road
test.

In this paper, the system structure of this AVIL platform
has been described. Further, the autonomous emergency
braking (AEB) control algorithm has been developed based
on Udwadia–Kalaba (U-K) approach and tested on this
platform. AVIL feasibility analysis is then performed. +e
remainder of this paper is organized as follows: A detailed
introduction of the proposed AVIL simulation platform is
illustrated in Section 2. Section 3 presents the AEB control
algorithm and AVIL feasibility analysis and then is followed
by discussion in Section 4 and conclusion with some future
work in Section 5.

2. Overview of the Proposed AVIL Platform

+e proposed AVIL simulation platform (see Figure 1) is an
indoor closed-loop system based on Client-Server (C/S)
architecture, which is inspired from [27]. Our proposed
AVIL simulation platform consists of physical hardware
components, software components, and various electrical
interfaces that ensure real and virtual bidirectional inter-
action. Due to the benefits of C/S mode, (1) C/S mode
separates clients and servers, and the system is stable and
flexible. (2) +e C/S mode is equipped with a local area
network (LAN) appropriate point-to-point structure mode
and has reliable security. Under laboratory conditions, the
AVIL simulation platform we proposed is being carried out.
+erefore, we chose the C/S mode to realize data trans-
mission by way of LAN. In this way, every single component
in this system can easily communicate with others through
their specific protocols independently, even if the entire
system is not fully started. +erefore, any part of the system
can be individually debugged and tested. It is also convenient
for the maintenance, replacement, and expansion of the
submodules of the AVIL platform system.

2.1. Hardware in AVIL. +e most important hardware
equipment is that we have customized a three degrees-of-
freedom test bench consisting of four independent com-
ponents (shown in Figure 2) and can interact with the virtual
scene through its specific communication protocol. +e test
bench in the AVIL platform can efficiently use the simu-
lation environment to avoid the potential risks of real road
tests. +e rotating tires are the tires of the AV under test.+e
drum roller has two working modes, active and passive.
Passive mode means that it rotates with the longitudinal
rotation of the AV’s tires, while active mode means that it
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can rotate spontaneously after power on. +rough the
combination of these two modes, the continuous road
surface is simulated, as well as the ground adhesion coef-
ficient. +e role of the lifter is to simulate the geometric
characteristics of the ground, to simulate the slope road
surface through the height difference between the front and
rear lifters, and to add a degree of freedom to AV under test.
Regarding the gear, it adds another degree of freedom to AV
under test. It only has the passive working mode; that is, it
can only rotate with the lateral rotation of the AV’s tires,

providing the possibility for steering, as well as the safety
guarantee for steering operation. Specifications of our test
bench are given in Table 1.

We have deployed some driving simulators [28], as
shown in Figure 1, which are also connected to our testbed
through C/S mode as clients. +e driving simulator makes
the background vehicle in the virtual scenarios behave more
realistically without following a predetermined route. In this
way, while reducing the programming workload, uncertain
factors such as driving intention and driving behavior can be
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Figure 1: +e structure of the AVIL simulation platform. Arrows indicate the direction of data transmission.
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Figure 2: +e structure of the test bench. (a) Top view. (b) Subcomponent.
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quickly and easily introduced. +e effectiveness of driving
simulators has been verified via experiments, which does not
show up in this research. Although it is interesting and
worthy of discussion, it is beyond the scope of this research
and will be discussed and applied in our follow-up research.

+e other hardware devices in the simulation loop, such
as sensors, actuators, processors, and communication buses,
can significantly reduce the mathematical modeling effort
and improve the simulation fidelity. +e development effi-
ciency can be dramatically increased in the early stages of
designing the production-intent or production-ready
hardware and software.

A real AV, test bench, radar simulator, video black box,
several actuators, and sensors are connected to one or two of
the USBCAN buses, net cable, or RS232. An actual AV is
brought in to conduct the simulation and evaluation with
greater fidelity under the lab settings, from which we can test
whether the processors, sensors, actuators, and bus protocols
normally work according to the design specifications of
various aspects of hardware and software.+is is particularly
beneficial for testing, debugging, and verifying such a
complex AV system in the laboratory environment.

2.2. Software inAVIL. +e AVIL simulation consists of both
mathematical models and physical hardware devices that
interact in real time through specific interfaces and perform
joint hardware testing and software simulation tasks. Under
the AVIL simulation, math models receive various hardware
signals, and the hardware devices receive calculated variables
from the math models simultaneously. For software model-
driven hardware systems, by ensuring computational effi-
ciency and model fidelity, mathematical models with real-
time capabilities are critical to the success of the AVIL
simulation.

Our AVIL simulation platform is developed based on C/
S mode. Various submodules are connected through LAN.
+at is, they can work together to complete joint tasks as well
as run independently. +erefore, our virtual scene module
can be supported by different simulation software [29], such
as Prescan, Unity3D, Carla, and CarMake. Prescan is an
automatic driving simulation platform for intelligent vehicle
system based on physical models, which has a good built-in
vehicle dynamics model and supports the development and

application of camera, radar, LiDAR, GPS, V2X commu-
nication, and other applications, as well as model-in-the-
loop, software-in-the-loop, HIL, and sensor-in-the-loop.
Prescan fits our research needs very well. +erefore, in this
research, Prescan is selected for the virtual scenario con-
struction as shown in Figure 3, as well as the sensor-in-the-
loop model. Unity3D is actually a game development
software driven by unreal engine; the virtual scene built with
Unity3D is more realistic than that of Prescan.+erefore, we
also tried to build some virtual scenes with Unity3D, as
shown in Figure 4.

No matter which software our virtual scene is built with,
the way they connect to the developed AVIL platform is the
same. +e virtual scene always serves as the server, and the
AV under test and driving simulators play the role of clients
connected to the virtual scene through LAN to realize data
interaction. +e AV performs different driving strategies
according to the driving environment or driving tasks in the
virtual scene. +e driving state of the AV and driving
simulators will drive the vehicles in the virtual scene
concurrently.

It can be seen that the Unity3D-built virtual scene is more
realistic than Prescan, the model is more refined, and it has a
variety of customizable features. Most notably, Prescan does
not support virtual reality (VR), while Unity3D does, making
it possible to perform an immersive driving experience with
VR helmets. Our AVIL platform is very inclusive. According
to different testing requirements, we could pick up the most
appropriate simulation software as the server.

2.3. Sensor in AVIL. Sensor data simulation and injection
realize the virtual sensor’s sensing function by using sensor-
in-the-loop (SIL) test method, such as camera simulator,
millimeter-wave (MMW) radar, and LiDAR simulator. In our
proposed AVIL simulation platform, sensors-related black
boxes are customized. +ey are not one of-the-shelves
components, nor just a concept. +ey are one of the inde-
pendent parts of our AVIL simulation platform. Figure 5
shows a flowchart of the SIL simulation. In AVIL test, the
black boxes are next to the cabinet on the right side of Figure 6.

In the actual road test process, the braking is triggered by
the developed AEB system relying on radar in this research.
+erefore, during the AVIL test, we still use the real radar
sensor to activate the developed AEB system to ensure the
homogeneity of the AVIL test process and the real road test
process. Taking the MMW radar black box as an example
(workflow shown in Figure 7), the virtual scene information is
converted into a real millimeter wave (SignalA) through a
certain algorithm and hardware and then transmitted through
a transmitter. +e real radar is detached from the AV and
placed in the black box, and a special material covers the black
box. +is material can absorb millimeter wave without
generating echoes, meaning that real radar cannot receive the
echo wave emitted by itself when it hits this material.
+erefore, in the black box, only SignalA exists and can be
received by the real radar sensor, thus realizing the interaction
between the real radar and virtual scene and eliminating the
influence of the black box on the real radar at the same time.

Table 1: Specifications of the test bench.

Parameter Value
Wheelbase 2550mm–2720mm
Track width 1225mm–1825mm
Drum configuration 4-wheel independent drive
Drum diameter 318mm in front; 452mm in rear
Total peak power 80KW
Traction force 3500N in front
Response time ≤ 200ms
Maximum velocity 60 km/h
Lifter range 0.6m
Gear angle − 35°–35°
Slope angle − 15°–15°
Rated torque 600Nm
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Figure 3: Virtual scenarios built with Prescan used in this study.

Figure 4: Virtual scenarios constructed with Unity3D.
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Figure 5: Flowchart of SIL simulation.
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It has been verified but not shown in this paper that the
black box does interfere with the real radar sensor, such as
detection noise, if this special absorption material is not
applied. It is also a research gap worthy of study and dis-
cussion, that is, in the case of interference, for the algorithm
or system robustness research, since we can effectively model
different scenarios by changing the material coverage and
the attitude of the actual radar.

3. AVIL Feasibility Analysis

In this section, the fundamental equations of the excellent
U-K theory are illustrated at first. AEB control algorithm
based on U-K approach is then proposed. Further, AVIL
effectiveness is demonstrated.

3.1. %e U-K Approach. In nature, all motions follow
Newton’s second law, and the generalized form of the
equation of motion can be described as

F � ma, (1)

where F is the total force exerting on the system, m is the
mass, and a is the acceleration.

+e motion equation of U-K mechanics for an uncon-
strained system can be obtained by Newtonian mechanics,
which can be written in the form of

M(q, t)€q � Q(q, _q, t), (2)

where M is a positive definite inertia n × n matrix, q is the
coordinate which is an n-vector, _q is the velocity, €q is the
acceleration, t is the independent variable and generally
refers to time, and Q is the force imposed on the system [30].

From equation (2), the generalized acceleration denoted
by a(q, _q, t) of the unconstrained system at time t can be
obtained.

€q � M
− 1

(q, t)Q(q, _q, t) � a(q, _q, t). (3)

+ere are inevitably some constraints presented in the
system that need to be considered. +ese constraints can be
roughly divided into two types, such as m holonomic
constraints which can perform differential twice in the form
of

φi(q, t) � 0, (i � 1, 2, . . . , m), (4)

and n nonholonomic constraints which can perform dif-
ferential once in the form of

(a) (b)

Figure 6: A snapshot of AVIL test. (a) Inner viewpoint. (b) External viewpoint.

Wave
generation

Data
generation

Wave
transmission

Figure 7: +e workflow of MMW radar black box. +ere are two small red circles in this figure, referring to the position of the transmitter.
+e blue ones with bumps are special absorbing materials. In AVIL test, the real radar is detached from the AV and placed in the black box,
as shown in the figure.
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φj(q, _q, t) � 0, (j � 1, 2, . . . , n). (5)

It is assumed that equations (4) and (5) are sufficiently
smooth and consistent; we can obtain the nominal gener-
alized form of the constraints by differentiating φi(q, t) twice
and differentiating φj(q, _q, t) once with regard to time t,
given by

A(q, _q, t)€q � b(q, _q, t), (6)

where A is a constraint matrix in the shape of m × n, €q

denotes the quadratic differential of generalized coordinates,
and b is an m-dimensional vector.

+e equation of motion with constraints can be obtained
by combining equations (2) and (6). Additional “generalized
forces of constraints” are applied to the system. +erefore,
the actual motion equation of the constrained system can be
written as

M(q, t)€q � Q(q, _q, t) + Q
c
(q, _q, t), (7)

where Qc is the constraint force causing the change of the
acceleration, which can be regarded as a set of control forces
acting on the unconstrained system.

In U-K equation, both ideal and nonideal constraints are
considered in the system. Qc can be written in the form of

Q
c
(q, _q, t) � Q

c
id(q, _q, t) + Q

c
nid(q, _q, t), (8)

where Qc
id and Qc

nid indicate the ideal and nonideal con-
straint force vectors, respectively.

Udwadia and Kalaba have been developed the nominal
explicit expression of Qc

id and Qc
nid. As there is no nonideal

constraint involved in the vehicle system studied in this
paper, only the ideal constraint force vector is taken into
consideration, and equation (8) can be rewritten as

Q
c

� Q
c
i d � M

1/2
B

+
(b − Aa), (9)

where B � AM− (1/2), a � QM− 1, and “+” represents
Moore–Penrose generalized inverse [31].

Substituting equation (9) into (7), the general equation
of motion in U-K mechanics can be yielded

M€q � Q + M
1/2

B
+
(b − Aa). (10)

3.2. A Case Study of AEB. In the present study, a common
driving scenario is used to define the AEB maneuver. As
shown in Figure 8, there are one vehicle and one pedestrian
in the scenario. +e vehicle is uniformly traveling along the
straight lane, while a pedestrian is crossing the road at a
constant speed. +erefore, the vehicle needs to slow down to
avoid collision with the pedestrian. +is vehicle is equipped
with on-board sensors that can sense the surroundings
during the driving process. After perceiving the pedestrian,
the vehicle conducts a risk assessment and then takes
emergency braking if necessary, to avoid the traffic accident.

Axis AA’ depicts the trajectory of the pedestrian, and BB’

is the centerline of the vehicle. L is the impact position for
50% of scenarios, which is also the hypothetical origin. Let xr

denote the lateral position of the vehicle head on the geodetic

coordinates. +en, the nonlinear vehicle longitudinal dy-
namics model can be described as

_xr � vr(t),

Mr _vr(t) � ur(t) − Fa(t) − Fr(t),

d � − xr,

(11)

where t is the time and vr is the velocity. ur is the vehicle
driving force input, which is to be designed. Mr represents
the mass of the vehicle. Fa denotes the aerodynamic re-
sistance. Fr is the other external disturbances working on the
vehicle. d is the distance between the vehicle and pedestrian.

Assuming that the final distance between the vehicle and
the pedestrian is dd, the difference between the stopping
position and the current vehicle position can be expressed as

er(t) � dd − d � dd + xr. (12)

Based on equations (11) and (12), the U-K equation of
this specific problem can be constructed as

Mr€er (t) � ur(t) + Q(e, _e, t), (13)

where Q(e, _e, t) � − Fa − Fr.
According to our expectation, each time the vehicle is at

a specific distance from the pedestrian ds, its velocity vs and
deceleration as are consistent with our expectations. +is
constraint can be expressed as

_dd � vs⟶ 0when ds⟶ dd

or er⟶ 0.
(14)

Equation (14) can be differentiated again to be expressed
in the form of (6), given by

€dd � as⟶ 0whends⟶ dd

or er⟶ 0,
(15)

where A(q, _q, t) � 1 and b(q, _q, t) � as.
Substituting A and b into equation (9), we have

Q
c

� Q
c
id � M

1/2
B

+
as − a( , (16)

where the constraint force Qc can be viewed as a control
input. +e vehicle will move in the way we expected under
the control law of equation (16).

B L

A

A′

B′

Figure 8: A common car-to-pedestrian scenario.
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3.3. Testing on the AVIL Simulation Platform. A simulation
experiment was carried out using MATLAB to validate the
effectiveness of the proposed AEB control algorithm.
Specifications of our test bench have been displayed in
Table 1; as can be seen, due to the physical limitations of the
machinery, only low-speed experiments can be feasibly
performed at present. +erefore, only the simulation ex-
periment under low-speed conditions will be verified here.
We demonstrated medium-speed and high-speed verifica-
tion in the “Discussion” section of this paper.

To verify the efficiency of the developed AEB algorithm,
it is specified that when braking starts, there is only braking
action acting on the vehicle, and it will eventually stop.
Besides, the ability of the pedestrian to avoid the crash is not
taken into consideration.

In the simulation, Fa(t) can be estimated as
Fa(t) � c · v(t) · |v(t)|. +e parameters of the simulation
experiment are set as follows: Mr � 1300 kg, c � 0.6, and
Fr � 280N. +e simulation results are consistent with our
expectations that, in the braking process, as the vehicle gets
closer to the pedestrian, the deceleration of the vehicle will
gradually increase. +e deceleration and speed changes
during braking are shown in Figures 9 and 10.

A group of 10 real road tests and AVIL tests were carried
out, respectively. +e braking time, braking distance, speed,
and deceleration during braking are recorded for each test.
Besides, the vehicle’s initial braking velocity is maintained
between [28–30] km/h to ensure the safety of the experi-
ments fully, and the vehicle was traveling at a uniform speed
before braking. +e results of the comparative experiments
are shown in Figures 11–14. Please note that the velocity data
are obtained from the vehicle’s OBD bus. +e snapshot of
AVIL test has been given in Figure 8.

Figures 11 and 12 demonstrate that, in the AVIL ex-
periments, the braking time and braking distance are in-
credibly similar to those of the actual road tests. +e AVIL
tests and actual road tests reach an average braking distance
of 10.26m and 10.32m, respectively. 2.03 s and 1.94 s are the
average braking time of AVIL tests and real road tests.
Overall, the braking time in AVIL tests is marginally longer
than in the actual road tests by about 0.1 seconds. +e
braking time is close to 2.05 s of the simulation results, on
both the real road tests and AVIL tests, and the experiment
data in each group are relatively concentrated and less
fluctuated. As shown in Figure 12, the braking distance of
real road tests is more focused and shifts slightly. In contrast,
the data in AVIL tests vary largely, and the range is sig-
nificantly more extensive than that of the real road tests.
However, the average braking distance of the AVIL tests is
close to that of the real road tests.

Figures 13 and 14 show a set of velocity and its corre-
sponding deceleration from comparative tests. Observing
Figures 13 and 14 simultaneously, the change of speed has a
tendency to be concave, which is the same as the original
design of our expectation; that is, the braking force gradually
increases, which is also in line with the driving behavior of
most drivers. +e reason why the deceleration is not a
smooth curve is that the AV selected in this study is a wire-
controlled modification, in which the throttle valve can be

directly operated through the control command. +e in-
terval between two consecutive braking commands should
be no less than 0.3 seconds. +erefore, deceleration will
increase each time the command is sent; otherwise, the
deceleration will decrease, causing the variation.

+e big screen as shown in Figure 10 is not part of any
modules of our AVIL simulation platform. +e purpose of
setting such a big screen is as follows: (1) In the early de-
velopment process and debugging process, to ensure safety,
generally, the driver operates the vehicle instead of the pro-
gram. +e driver can perceive the current driving environ-
ment surroundings through the big screen and then perform
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operations. (2) To conduct research on driver or passenger
driving experience in the future, test and evaluate different
functions of AV. At this time, people in the vehicle need to
know the current driving environment of the vehicle and the
upcoming event, so as to not panic. (3) In the real test process,
we tend to add a safety officer who does not usually take any
driving behavior.When theAV is in an abnormal state or does
not run as expected, the safety officer can terminate the test in
time. For these above reasons, a big screen is needed.

4. Discussion

In the next few decades, road transport will undergo a
significant revolution with the emergence of intelligent
vehicle, such as AV, connected vehicle, and connected AV,

which will certainly change the way we travel. In order to
ensure the safe, reliable, and efficient operation of intelligent
vehicles in different scenarios, a large number of tests must
be carried out before deployment and implementation.

Compared with other VIL testbeds, such as [22], the
VIL-based chassis-dynamometer testbed named SERBER is
introduced to test and evaluate advanced driver assistance
systems (ADAS) of vehicles. Similarly, [32] studied ADAS
with a full-scale vehicle and a VIL-based chassis-dyna-
mometer testbed. +e difference is that [32] uses moving
bases to represent other traffic participants instead of using
simulation, improving the results’ significance. +e study
[33] uses a VIL-based nonchassis-dynamometer simulator
to study lane-keeping and cooperative cruise control
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function. Although significant results have been achieved on
the simulator, the effectiveness of the proposed functions on
the real vehicles still lacks consideration and evaluation.

Although [22] achieves the interaction between the real
vehicle and the virtual scene, it is not based on sensor-in-the-
loop; therefore, the fidelity of the test remains to be dis-
cussed. Although [32] is based on the sensor-in-the-loop
test, all test objects are real, which increases the cost, and
there are problems such as the difficulty of completely
reproducing the scene. Both of them have some common
shortcomings, such as only one degree of freedom offered to
the vehicle under test, the vehicle should be “fixed” on the
chassis-dynamometer, and no sensor simulation.

+e AVIL platform we proposed solves these problems
completely. By using the customized bench, different sub-
components offer different degrees of freedom of the vehicle.
+ey also guarantee the vehicle to perform various opera-
tions, and our vehicle does not need to be “fixed” on the
bench. We also proposed a sensor-in-the-loop test method
based on black boxes, which realizes the interaction between
real sensors and virtual scenes.+emost important feature is
that our AVIL platform is easy to expand and maintain due
to C/S mode. In this way, each submodule of the AVIL
platform can be tested and debugged independently, and
joint testing can also be performed on multiple submodules.

It can be seen from Figures 11–14 that the trends of all the
two curves are almost the same, the data at each data collection
moment is also similar, and the correlation of each group of
data is more significant than 0.93. +erefore, the effectiveness
of the AVIL simulation platform for testing the AV AEB
system is confirmed. Since the initial braking speed fluctuates
slightly each time, this leads to the fluctuation of braking
distance and braking time. Although the fluctuation range of
the braking distance of AVIL tests in Figure 12 is larger than
that of actual road tests, this problem will be eventually solved
by improving the platform and adjusting the parameters.

+e experimental results show that when the initial
braking speed is 30 km/h, the braking time is very close to
the simulation experiment, and the similarity is more than
94%. +e change in velocity has a small convex trend in the
first half of the curve, similar to that in Figure 9. Due to the
limitation of our AV, we set the maximum limit for the
control of the throttle in the experiments. As a result, there is
a trend of uniform speed change in the second half of the
curve. +e deceleration will tend to be approaching a
constant value corresponding to this feature. +e deceler-
ation is not a smooth curve because the control of the
throttle valve is similar to the piston. When the braking
command is issued, the piston pushes in, the braking force
increases, and the deceleration increases. During the empty
window period of the two braking commands (0.3 s men-
tioned in Section 3.3), the piston will move outward. +e
braking force decreases, causing the decrease of deceleration,
resulting in deceleration fluctuations.

Regarding the performance of the AEB control algo-
rithm we proposed in medium-speed and high-speed
conditions, we conducted simulation experiments, and the
results are shown in Figures 15 and 16. As shown in these
figures, the AEB control algorithm we proposed is still

applicable to medium-speed and high-speed situations.
Reasons accounting for only performing the low-speed
experiment in the proposed AVIL platform are as follows:

(1) Due to the physical limitations of the test bench
itself, the medium-speed and high-speed experiment
cannot be carried out on our AVIL platform at
present

(2) Based on reason (1) and also to fully ensure the safety
of the experiment, the 1/2 of the maximum speed
limit is determined, that is, 30 km/h

Carrying out actual road tests is not only time-con-
suming and laborious [34], but many practical factors such
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as weather conditions, illumination conditions, and ground
geometry conditions are uncontrollable. Moreover, dan-
gerous scenario testing is difficult, and its reproduction is
complicated. Based on the developed indoor AVIL simu-
lation platform, these become much easier. For example, we
can add snow, rain, and fog models directly to the test
scenario, change the behavior of traffic participants, or
seamlessly switch the test scenarios. All of these will be truly
reflected in the real AV based on our VR interactionmethod.

Compared with performing actual road tests or
building a closed field, it is more efficient to construct an
AVIL simulation platform in which uncertain factors can
be controllable, and the test scenes are flexible, variable,
and safe. As depicted in Figure 3, it is effortless to change
the model, behavior, and other properties of the testing
objects. By changing the model of the testing object, the
properties of the object, such as length and height, can be
changed; it can also easily change the operating behavior of
the testing object, such as changing the trajectory or
triggering interactive events. Some of the most basic
metatest scenarios have been constructed as shown in
Figure 4, such as curve lane, tunnel lane, and intersection
lane, which can be switched at will and combined arbi-
trarily to build more complex test scenarios. Although it is
still worth arguing whether the testing results in these
scenarios still have high fidelity, it is undeniable that the
AV testing method based on the AVIL simulation platform
constructed in this paper has the potential to replace AV
real road tests. +us, AVIL-based AV testing might become
an efficient and influential approach for real AV testing.

5. Conclusion

It is difficult to test real AV under harsh conditions. Using
AVIL simulation platform under the laboratory environ-
ment to test real AV becomes an apparent alternative. In this
paper, we developed an indoor full-scale AV test platform,
which has the following advantages:

(1) +is platform is designed as C/S mode so that each
submodule can perform joint tasks and work in-
dependently, which is convenient for this platform
expansion, debug, and maintenance.

(2) +e test bench is mainly composed of four inde-
pendent submodules as shown in Figure 2. Each
submodule contains a drum roller, lifter, and gear
components as shown in the figure, and each
component has its corresponding role. In addition to
offering freedom for AV, the drum roller can sim-
ulate continuous road surface and different road
adhesion coefficient, gear can provide AV with the
safety guarantee for steering operation, and lifter can
simulate slop road surface.

(3) We designed a black box-based sensor data injection
method to achieve sensor simulation, making it
possible to interact between real sensors and virtual
scenes. We designed and customized the MMW
radar black box, and its feasibility has been verified.

In order to demonstrate the feasibility of the proposed
AVIL simulation platform, we developed AEB system relying
on MMW radar and then designed and conducted a com-
parison test between real road test and AVIL test. +e results
of these tests are encouraging as shown in Figures 11–14. +e
AVIL-based test results of AEB have a high similarity to those
of the real road test. +ese results confirm the possibility that
our proposed indoor AVIL simulation platform has a great
potential to be used to substitute for the real road test, at least
in the aspect of AEB test.

In the future, our team will focus on the following two
aspects. First, restricted by the test bench, only the feasibility of
the proposed AVIL platform for testing the AEB system at low
speed under simple operating conditions has been demon-
strated. Our next-generation test bench is currently under
construction, and compared with the current test bench, its
response time is only one-third, and themaximum speed of the
vehicle can reach 120 km/h. +erefore, our team will discuss
the feasibility of the AVIL platform with the new test bench for
testing the performance of the AEB system under high-speed
and extreme conditions. Second, our team will investigate the
effectiveness of other applications with the same functions as
AEB, such as V2X communication or steering avoidance, as it
is therefore not possible to quantify the relative effectiveness of
AEB compared to other competing technologies.

Data Availability

+e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

+e authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

+is research was funded mainly by the National Key Re-
search and Development Program (no. 2019YFB1600100),
partially by the National Natural Science Foundation of
China (nos. 61973045 and 61903046), and partially by the
Key Research and Development Program of Shaanxi (nos.
2018ZDCXL-GY-05-02 and S2018-YF-ZDGY-0300).

References

[1] World Health Organization, Global Status Report on Road
Safety, World Health Organization, Geneva, Switzerland,
2018, https://www.who.int/violence_injury_prevention/roa
d_safety_status/2018/en/.

[2] World Health Organization, Global Status Report on Road
Safety 2018, WHO, Geneva, Switzerland, 2019, https://apps.
who.int/iris/bitstream/handle/10665/276462/9789241565684
-eng.pdf?ua�1.

[3] WHO, World Health Organization Report, WHO, Geneva,
Switzerland, 2015, https://scholar.google.com/scholar_lookup?
title�World%20Health%20organization%20report&author�
WHO&publication_year�2015.

[4] World Health Organization, Global Status Report on Road
Safety, World Health Organization, Geneva, Switzerland,

Journal of Advanced Transportation 11

https://www.who.int/violence_injury_prevention/road_safety_status/2018/en/
https://www.who.int/violence_injury_prevention/road_safety_status/2018/en/
https://apps.who.int/iris/bitstream/handle/10665/276462/9789241565684-eng.pdf?ua=1
https://apps.who.int/iris/bitstream/handle/10665/276462/9789241565684-eng.pdf?ua=1
https://apps.who.int/iris/bitstream/handle/10665/276462/9789241565684-eng.pdf?ua=1
https://scholar.google.com/scholar_lookup?title=World%20Health%20organization%20report&author=WHO&publication_year=2015
https://scholar.google.com/scholar_lookup?title=World%20Health%20organization%20report&author=WHO&publication_year=2015
https://scholar.google.com/scholar_lookup?title=World%20Health%20organization%20report&author=WHO&publication_year=2015


2013, https://www.who.int/violence_injury_prevention/road
_safety_status/2013/en/.

[5] World Health Organization, Global Status Report on Road
Safety, World Health Organization, Geneva, Switzerland,
2009, https://www.who.int/violence_injury_prevention/road
_safety_status/2009/en/.

[6] +e Ministry of Public Security of the People’s Republic of
China, Annual Report on Road Traffic Accidents of the People’s
Republic of China, +e Ministry of Public Security of the
People’s Republic of China, Beijing, China, 2017.

[7] A. F. Idriz, A. Abdul Rachman, and S. Baldi, “Integration of
auto-steering with adaptive cruise control for improved
cornering behaviour,” IET Intelligent Transport Systems,
vol. 11, no. 10, pp. 667–675, 2017.

[8] W. Cho, H. Heo, K. Yi et al., “Design and evaluation of an
integrated vehicle safety system for longitudinal safety and
lateral stability,” in Proceedings of the 22nd International
Technical Conference on the Enhanced Safety of Vehicles,
pp. 1–9, Washington, DC, USA, June 2011.

[9] Z. Xu, Y. Wang, G. Wang et al., “Trajectory optimization for a
connected automated traffic stream: comparison between an
exact model and fast heuristics,” IEEE Transactions on In-
telligent Transportation Systems, pp. 1–10. In press, 2020.

[10] S. E. Li, Y. Zheng, K. Li et al., “Dynamical modeling and
distributed control of connected and automated vehicles:
challenges and opportunities,” IEEE Intelligent Transportation
Systems Magazine, vol. 9, no. 3, pp. 46–58, 2017.

[11] E. Moradi-Pari, H. N. Mahjoub, H. Kazemi, Y. P. Fallah, and
A. Tahmasbi-Sarvestani, “Utilizing model-based communi-
cation and control for cooperative automated vehicle appli-
cations,” IEEE Transactions on Intelligent Vehicles, vol. 2,
no. 1, pp. 38–51, 2017.

[12] S. Moon, I. Moon, and K. Yi, “Design, tuning, and evaluation
of a full-range adaptive cruise control system with collision
avoidance,” Control Engineering Practice, vol. 17, no. 4,
pp. 442–455, 2009.

[13] B. V. Arem, C. J. G. V. Driel, and R. Visser, “+e impact of
cooperative adaptive cruise control on traffic-flow charac-
teristics,” IEEE Transactions on Intelligent Transportation
Systems, vol. 7, no. 4, pp. 429–436, 2006.

[14] K. C. Dey, L. Yan, X. Wang et al., “A review of communi-
cation, driver characteristics, and controls aspects of coop-
erative adaptive cruise control (CACC),” IEEE Transactions
on Intelligent Transportation Systems, vol. 17, no. 2, pp. 491–
509, 2016.

[15] M. Wang, W. Daamen, S. P. Hoogendoorn, and B. van Arem,
“Cooperative car-following control: distributed algorithm and
impact on moving jam features,” IEEE Transactions on In-
telligent Transportation Systems, vol. 17, no. 5, pp. 1459–1471,
2016.

[16] I. Y. Noy, D. Shinar, and W. J. Horrey, “Automated driving:
safety blind spots,” Safety Science, vol. 102, pp. 68–78, 2018.

[17] X. Kuang, F. Zhao, H. Hao, and Z. Liu, “Intelligent connected
vehicles: the industrial practices and impacts on automotive
value-chains in China,” Asia Pacific Business Review, vol. 24,
no. 1, pp. 1–21, 2018.

[18] X. Kuang, F. Zhao, H. Hao et al., “Assessing the socioeco-
nomic impacts of intelligent connected vehicles in China: a
cost–benefit analysis,” Sustainability, vol. 11, no. 12, Article ID
3273, 2019.
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