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Abstract: With the increasing complexity of automated driving features, it is crucial to adopt inno-
vative approaches that combine hardware and software to validate prototype vehicles in the early
stages of development. This article demonstrates the effectiveness of a Vehicle-in-the-Loop (ViL)
testbed in conducting dynamic tests of vehicles equipped with highly automated driving functions.
The tests are designed to replicate critical driving scenarios from real-world environments on the
ViL testbed. In this study, the Apollo platform is utilized to develop an automated driving function
that can perceive the surrounding traffic in a virtual environment and generate feasible trajectories.
This is achieved with the help of a multibody simulation platform. The control commands from the
simulated driving function are then transmitted to the real vehicle to execute the planned action. The
results demonstrate that critical traffic scenarios can be replicated more safely and repeatedly on the
ViL testbed. Meanwhile, the Apollo-based driving function can effectively and comfortably cope
with critical scenarios. Importantly, this study marks a significant milestone for the Apollo platform
as it is implemented in a real-time system and tested on a ViL testbed.

Keywords: Apollo platform; vehicle-in-the-loop; automotive engineering; virtual simulation

1. Introduction

As automotive electrical and electronic technology advances, the complexity of auto-
motive network topologies increases, necessitating real-world vehicle testing to optimize
and validate ECU (electronic control unit) functionality. With the rising demand for Highly
Automated Driving (HAD), validating the relevant system presents a significant challenge.
It requires complete vehicle and ECU network coverage while ensuring the safety and effi-
ciency of verification procedures. Thus, scenario-based proving-ground tests are no longer
sufficient as they cannot provide the complex and dynamic environment necessary for
comprehensive validation. Simulated scenario-based validation has emerged as a dominant
solution, known as X-in-the-loop (XiL), and is used throughout the automotive develop-
ment process. The authors of [1] provide a detailed presentation of simulation methods
for each stage of the V-model. They suggest that X-in-the-loop (XiL), hardware-in-the-loop
(HiL), driver-in-the-loop (DiL), and vehicle-in-the-loop (ViL) solutions are the most com-
prehensive solutions for software decisions, controller actuation and sensor perception
validation of advanced driver assistance systems (ADAS). However, the HiL system has
significant maintenance and modification requirements and often uses non-mass-produced
wiring harnesses, resulting in electromagnetic interference issues. DiL evaluates vehicle-
human interaction and is suitable for assessing ADAS function and comfort and driver
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reaction. ViL bridges the gap between all previous solutions and enables integrated vehicle
testing in a virtual environment.

Innovation in ViL technology has been ongoing for over two decades since the pio-
neering solution provided by TNO Automotive [2]. In the current state of the art, ViL-based
testing approaches are diverse. Despite the long-standing development of ViL technology,
there have been limited reviews or surveys conducted on relevant applications. A classifica-
tion system is proposed based on the implemented technology of testing to better illustrate
the current state of the art, as below:

• Closed-Area Testing: In contrast to open-road testing, closed-area testing is considered
a safer alternative. Generally, a GPS-equipped test vehicle drives within a test field
and maps its position to the simulation environment in real-time [3]. In the context
of ADAS testing, the sensory information generated by the simulated scenario is
transmitted in a suitable format to the relevant ECUs or real sensors on the test vehicle
to trigger the ADAS functions [4]. As a result, the real-time system must perform
optimally and is subdivided into a cloud-based system and an on-board real-time
system. For the former, the back-end achieves remote control of the vehicle through
communication technology (e.g., LTE-V or 5G) [5–7]. However, due to the ease of
integration, the majority of the technical implementation is carried out using the on-
board real-time system. The in-vehicle system achieves synchronization between the
road logic, traffic scenarios and the vehicle’s position, thereby enabling the generation
of synthetic sensory data that can trigger actual sensors and elicit appropriate reactions
from real vehicles [8–10]. Despite the wide usage of closed-area testing, it is not
without its limitations. One such limitation is the need for a substantial investment in
a large open area. Additionally, high dynamic testing can still pose hazards, and the
vehicle under test (VUT) trajectory remains uncontrollable [11].

• Chassis Dynamometer Testing: To compensate for the huge waste of space in closed-
area testing and to ensure a certain degree of high dynamic testing, a roller testbed
test has been used in several studies. This is essentially a rolling road that measures
the power output of the engine while the vehicle’s wheels are turning. For example,
a series of groundbreaking investigations are presented in [2,12]. Subsequently, the
use of simulation software to create a virtual environment was demonstrated to be
a more efficient approach for validation in [13–15]. A co-simulation framework has
been proposed to enhance the simulation scenario, enabling sensor stimulation on the
testbed [16,17]. Although this type of bench was initially designed for emission tests,
it has been extended to validate ADAS and can facilitate sensor stimulation due to its
cost-effectiveness.

• Powertrain Testbed Testing: A roller testbed is no longer sufficient for achieving highly
dynamic manoeuvres; hence, the powertrain testbed was introduced. Powertrain
setups connect each wheel hub to a dyno simulating driving resistance at each wheel.
To achieve comparable results with a rolling test rig, an additional rolling resistance
simulation and an accurate tire simulation are required. For example, a distinctive
feature of the test bench described in [18,19] is the integration of the alignment of
torque simulation units, which employ wheel actuators to generate the corresponding
aligning torque through a mechanical connection. The KS-R2R (road-to-rig) [20]
technology differs from current approaches in that it employs complete wheel models
instead of solely relying on tire models [21,22]. These models utilize torque as input
and speed as an output, aligning more closely with the natural sequence of cause and
effect. In the field of ADAS testing, a common approach is to use sensor stimulation as
a solution, which has been widely adopted in many works [18,21,23–25]. In contrast
to previous approaches that utilized sensor stimulation for ADAS validation, [22]
provides an abstract representation of real sensors and ADAS functionality. This
supports the development of ADAS functionality by demonstrating its feasibility
in prototype vehicles during the functional concept phase. Overall, the powertrain
testbed is not only capable of achieving highly dynamic manoeuvres but is also highly
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adaptable to the simulation environment, enabling the validation of ADAS functions
and supporting early-stage concept development.

This study involves the development of a digital twin-based simulation environment
which emulates real-life traffic scenarios in a virtual setting. A key aspect of the research
is the successful implementation of the Apollo automated driving platform in a real-time
system and its application on the ViL bench.

The paper is organized as follows: Section 2 provides an overview of the system,
including the simulation configuration on the ViL testbed. Section 3 explains how the
integration of the vehicle under test is performed on the ViL testbed. Section 4 focuses
on the implementation of the Apollo platform on the real-time system. To demonstrate
the Apollo functionality on the ViL testbed, the results of test cases are presented in
Section 5. Furthermore, the experimental finds are discussed in Section 6. Finally, Section 7
summarizes the main findings of the paper.

2. System Design

The ViL simulation system comprises two main components: a simulation platform
and a vehicle under test. For the simulation part, KS Tornado (automation software
from KS engineers) [26] acts as the main GUI, which interfaces with Carmaker from IPG
Automotive and the real-time system KS ADAC (Advanced Data Acquisition and Control),
which controls the KS-R2R testbed. The virtual vehicle environment inclusive of the
vehicle, traffic scenario and road model is built in CarMaker from IPG Automotive and the
visualization of virtual scenarios is also supported. Moreover, vehicle dynamics, sensor
models and Apollo functions are integrated into CarMaker by utilizing S-functions and
APIs in Simulink. The resulting model is then translated into C-code and embedded into
the Xpack4 real-time system from IPG Automotive, which is capable of processing data at
a rate of 1 kHz. Additionally, the employed mathematical models for loaded tires and the
testbed are implemented in KS ADAC, which runs at a frequency of 5 kHz. It is important
to note that the Testbed model is solely employed for offline simulations and does not
encompass the online tests discussed in this paper. The EtherCAT technology [27] achieves
real-time performance and topology flexibility between ADAC and Xpack4 to enable a
co-simulation system.

Eventually, the vehicle under test (VUT) is fixed on the KS-R2R testbed using special
testbed wheels with lead-through shafts, and a driving robot manipulates the measured
quantities to match the driving manoeuvre preset in the simulation according to the KS
ADAC control commands. Meanwhile, the real-time dynamics and operational status of the
VUT on the testbed can also be transmitted back to CarMaker via KS-ADAC, allowing them
to be read in CarMaker. This enables the virtual simulation scenario to reflect the actions
and reactions of the actual VUT, thus creating a closed-loop system. The architecture of
the entire ViL system is elaborated in Figure 1. Therefore, the introduction of subsequent
sections all revolve around this basic ViL architecture. Section 3.1 of this study presents the
introduction of the Restbus Simulation (RBS) for the testbed, focusing on its implementation
and functionality. Section 3.2 provides details on the configuration and setup of the testbed
for conducting the simulations. The successful implementation of the sensor model is
demonstrated in Section 4.1, while Section 4.2 showcases the successful integration and
operation of the Apollo function within the simulation environment. Lastly, Section 4.3
introduces the virtual scenario that serves as the case study for this research.
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Figure 1. KS-R2R testbed with full vehicle.

3. Vehicle-in-the-Loop Testbed

The modified VUT on the testbed requires a novel powertrain bench to achieve
highly dynamic manoeuvres and reduce the simulation-to-reality gap. Consequently, to
adequately satisfy our testing prerequisites, it is crucial to undertake modifications to the
vehicle bus system. Furthermore, the novel testbed offers the possibility of conducting
authentic on-road driving scenarios on the engine, powertrain, and tire dynamics.

3.1. Vehicle under Test

To conduct ViL testbed simulations, modifying the vehicle to adapt to the unique
testing environment is imperative. This is primarily due to the conflict that arises between
the simulation environment and the real-world sensor measurements when the vehicle is
stationary on the test bench while the four-wheel motors of the powertrain testbed drive
the vehicle. To ensure accurate simulation of the vehicle’s response to various virtual
environmental conditions, modifications to the vehicle and its components are necessary,
which should reflect the expected behaviour of the vehicle in a dynamic environment. In
this study, we develop an RBS system (see Figure 2) by manipulating various vehicle bus
signals, which enables us to control the vehicle’s functions electronically, thus allowing
us to conduct tests in a controlled environment. To facilitate lateral control of the vehicle
while conducting simulation scenarios on the testbed, the manipulation of the EPS (electric
power steering) steering signal requires the utilization of a manipulation gateway, as the
physical steering mechanics are not applicable. This enables us to defeat the plausibilization
mechanisms built into the ECUs by manipulating various vehicle bus signals, such as
steering angle, yaw rate, etc., according to the driving scenario, ultimately driving complex
scenarios without physically moving the steering mechanism. Thus, the illusion of the
vehicle actually steering is created. Meanwhile, we consider other vehicle dynamic factors,
such as acceleration, yaw and roll angles generated during steering and modify them
based on the vehicle dynamics model from IPG CarMaker. These modified signals by the
manipulation gateway are then sent to the ESP (electronic stability program) for proper
control and coordination during the simulation. In our simulation framework, it is crucial to
ensure that the dynamics information generated by the virtual vehicle model in CarMaker
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is accurately reflected in the real vehicle. Therefore, the gateways responsible for data
transmission retrieve the relevant signals from the simulation in real-time and modify them
on the FlexRay bus to align with the desired test conditions.

Figure 2. Electrical/electronic architecture of the vehicle under test with signal manipulation for
testing and simulation purposes.

3.2. Testbed Integration

The research conducted by [21,22] enables the integration testbed configuration to
allow for the complete vehicle to be mounted, as depicted in Figure 3. Constant-velocity
joint shafts are used instead of the original vehicle wheels to connect the wheel hubs to the
dynos. The wheels depicted in Figure 3 are specifically designed for the testbed and are
equipped with lead-through shafts and bearings with no rotational capability. Additionally,
Figure 3 provides a visual representation of the VUT positioned on the testbed, offering an
overview of the setup’s appearance. These wheels facilitate typical pitching movements of
the vehicle during the acceleration and braking phases. The patented wheel plates placed
under the testbed wheels prevent unrealistic loads resulting from changes in the track
width during the pitching movements.

In order to replicate the same stresses on the powertrain as experienced on actual roads,
wheel models (including tire models) are used to determine the speeds of the wheels based
on the measured torques of the side shafts, which then interact with the virtual vehicle
model in CarMaker. Next to the measured torque, the brake torque from a virtual brake
model in CarMaker can also be considered for calculating the wheel speed, thus allowing
different levels of details for vehicle parameterization. These models are computed in
real-time on the testbed, and the resulting wheel speeds are utilized as reference values
for speed control [28]. The KS-R2R technology differs from existing concepts as it employs
complete wheel models that take torque as an input and produce speed as an output. The
torques and speeds on the side shafts are measured within a single control cycle. The wheel
models use these torques along with values from the virtual vehicle model in CarMaker,
such as the normal force and velocity in the tire-road contact point, to calculate the wheel
speeds. These calculated values then serve as setpoint values for the speed controllers,
which trigger pulses for the frequency converter. The KS-R2R concept offers the advantage
that the moment of inertia of the wheel machines used in the testbed does not need to
match the moment of inertia of the simulated wheels. This feature enables to accurately
reproduce the loads on the testbed in terms of speed and torque, providing a road-realistic
depiction. The use of a robust control scheme eliminates the need to adjust the control
parameters for different test samples, resulting in minimum set-up time with a relatively
simple parameter configuration.
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Figure 3. Integration testbed with the full vehicle.

4. Function and Environment Simulation

CarMaker from IPG Automotive has been developed to provide a comprehensive
simulation environment. The virtual environment is designed to mimic real-world action,
and any physical reaction that impacts the vehicle of interest in the simulation is extracted
and passed on to the ViL testbed. This enables virtual driving behaviour to be applied
to the VUT, providing a valuable tool for testing and validation. In order to implement
a HAD function that should be tested, we integrated the open-source Apollo platform
along with a simulation of the perception sensors [29]. The completeness simulation
framework is depicted in Figure 4. CarMaker provides a realistic virtual environment
for modelling various aspects of driving, including vehicle dynamics, traffic behaviour,
and surrounding objects. This allows us to develop a perception model for detecting
surrounding traffic introduced in Section 4.1. Additionally, the synchronized real-time
system built by KS ADAC and IPG Xpack4 enables feedback of the VUT’s driving status.
Through the CarMaker simulation, the ego car’s position can be localized, and its driving
status can be analysed. This simulation information serves as input to the Apollo function
illustrated in Section 4.2, where the path planning algorithm reacts to dynamic traffic
objects. Finally, control signals generated by Apollo are then passed to the VUT on the
bench to execute the corresponding control commands.

Figure 4. Structure of Apollo platform in the simulation.
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4.1. Perception Model

The perception module in the framework is responsible for processing sensor data
from multiple sensors and using that data to understand the vehicle’s environment in
real time. Given the high computational requirements for processing sensing data, our
study utilizes only radar as the primary sensing sensor. This includes identifying and
tracking vehicles. The perception module is a critical component of the automated driving
system, as it provides the vehicle with the situational awareness it needs to make safe and
effective driving decisions. The authors of [1] present a classification of sensor models
based on the V-model process from the perspective of the system integrator. With the rise
of over-the-air (OTA) technology, the technical model can be applied to the ViL testbed. It is
able to generate a modulated signal that can stimulate the onboard radar without requiring
an actual physical object to be present. For sensor stimulators, the primary issue is the
lengthy preparation time needed for calibration, which also entails more costly investment
in equipment. Meanwhile, during the early stage of the system development cycle, the
initial prototype sensor samples may not be mature yet. Therefore, it is not suitable to
stimulate the sensor hardware directly. To facilitate development in the early stages and
address the immaturity of the prototype hardware issues, functional models are more
appropriate for use.

The principle of the functional model has been described in [1]. This kind of model
neglects the internal signal processing and sensing algorithms of sensors and, instead, con-
centrates on the uncertainty of sensor detection behaviour and sensing results. A method for
modelling radar based on a mixture density network (MDN) was introduced in our previous
study [29]. The approach focuses on learning the probability density function of the radar
sensor measurements using a neural network model. This allows for the prediction of the
distribution of possible measurement values, rather than just a single-point estimate. By
ignoring the internal signal processing processes and sensing algorithms of the sensor, the
approach simplifies the modeling process and saves computing power, while maintaining a
balance between computational efficiency and accuracy. To improve the accuracy of sensor
modelling and consider sensor performance under different weather conditions, a large-scale
measurement campaign was conducted and is described in [30]. The MDN-based sensor
model is trained using the data collected during this measurement and is subsequently used
in the current configuration of the ViL testbed simulation environment.

4.2. Apollo Platform Integration

Apollo is an open-source platform for HAD developed by Baidu, a Chinese multi-
national technology company. After years of iterations, the architecture of Apollo is
introduced in [31,32], which includes a range of modules, including perception, planning,
control, and simulation, as well as tools for data collection and processing. The flexibility
and adaptability of this algorithm make it particularly interesting for multiple applica-
tions of the level 4 autonomous Robotaxi that will be launched in China in forthcoming
years and whose testing has already started in Beijing [33]. The Apollo project is currently
implemented using the widely used robot operating system (ROS) software framework.
However, to enhance the reusability of the project, the C++ code-based Apollo is translated
into a Simulink model in our work.

The intermediate layer depicted in Figure 4 provides a depiction of the operational flow
of the Apollo system. In the first layer of online simulation using CarMaker, the road logic,
virtual traffic scenarios, and vehicle model are integrated into the simulation framework.
This enables the collection of real-time data on the driving status and localization of the
ego vehicle. To predict the behaviour of surrounding traffic, the virtual vehicle is equipped
with trained sensor models. The information captured by these sensors is then utilized and
transferred to subsequent algorithmic calculations for further analysis and decision-making
processes. Apollo performs motion planning by obtaining information on surrounding
obstacles from the upper layer and the vehicle’s own motion state. As trajectory planning
is the most computationally intensive part, it is decoupled from path and velocity planning
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in Apollo. Therefore, the power-consuming EM planner (see [34]) is replaced with a lattice
planner (see [35]) to achieve a more stable and smooth planning process. The basic principle
involves scattering path points ahead of the vehicle and connecting discrete points with
fifth-order polynomials to construct a grid. The path cost for each edge in the graph is
calculated using the overall objective function, which is a linear combination of smoothness,
obstacle avoidance, and reference line cost. After calculating the cost of each possible path
and distinguishing them, as shown in Figure 4, with different colours, the path with the
minimum cost and the corresponding speed is selected and sent to the control module.
Application of this concept enables more reasonable decisions to be made for overtaking or
following while also planning for trajectory and speed.

In [36], the authors present an introduction to the lateral and longitudinal control
strategy employed in Apollo. Specifically, the linear quadratic regulator (LQR) controller
is used to generate the optimal steering command based on the current vehicle state and
planned trajectory. The use of an LQR controller for lateral control ensures that the vehicle
can accurately follow the desired trajectory while maintaining stability and smoothness
in the control input. Additionally, the longitudinal controller in Apollo utilizes a two-
stage proportional–integral–derivative (PID) controller for station and speed control, as
well as a throttle/brake calibration table. It receives planned trajectories, localization
information, and vehicle motion data to generate appropriate throttle and brake commands
for the vehicle.The displacement PID controller takes the desired and current position
information as inputs and forwards the speed compensation to the subsequent speed PID
controller. At this stage, the speed and planned velocity compensation serve as inputs
for generating acceleration compensation, which is passed through calibration tables.
Overall, The trajectory controller in the system is responsible for generating steering angle
commands to the real vehicle that maintain the vehicle’s position on the planned path,
while the speed controller regulates the vehicle’s speed by modulating the throttle and
brake pedals in percentage activity.

4.3. Driving Scenario

The development of simulation scenarios aims to replicate real-world driving situ-
ations for testing purposes, which requires a digital-twin-based simulation. To achieve
this, GPS (Global Positioning System) data from the dataset is converted into relative
metric coordinates, which allows for the extraction of necessary trajectory data. In [37],
the CarMaker C-code interface was intended to be modified to enable the exact following
of recorded trajectories; however, the vehicle under test could only replicate position and
lacked dynamic information. Hence, ScenarioRRR, an extended toolbox of IPG Automotive,
is used in conjunction with the converted GPS routes to create a ready-to-play test run
in CarMaker. The primary advantage of creating simulation scenarios is to replicate the
trajectory and vehicle dynamics information of the ego car, resulting in a cost-effective,
time-saving, safer, and reproducible way to test critical cases. Therefore, evasive lane
change (Section 5.1) and preventing collision (Section 5.2), are selected to demonstrate the
efficacy of Apollo on the testbed.

5. Case Studies

The ViL testbed allows for highly accurate and repeatable testing of ADAS functions
in a controlled and repeatable environment. It also provides greater flexibility for function
integration and sensor model implementation. By creating digital twin-based test scenarios,
the ViL testbed can evaluate critical cases in a safer manner, reducing the risks associated
with real-world testing. Furthermore, the reproducibility and comprehensive data collection
capabilities of the testbed enable a more accurate and detailed analysis of the performance
of ADAS functions.
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5.1. Evasive Lane Change

The HighD dataset is a comprehensive traffic dataset designed for autonomous driv-
ing research, comprising high-resolution synchronized sensor data captured over 60 h
of traffic scenarios and encompassing 110,500 vehicles on a highway in Germany [38].
Wang et al. [39] proposed a method for filtering out safety-critical scenarios and applied
it to the HighD dataset. Among the seven safety-critical scenarios identified through the
proposed approach, we emphasise the left evasion case in our simulation. In [39], a de-
tailed description is provided of this critical lane change scenario that is implemented in
a simulation. In simpler terms, the critical left evasion case involves a situation where a
truck in front suddenly slows down, forcing a fast-approaching car from behind to perform
an evasive lane change to avoid a collision, as shown in Figure 5. In a real-world scenario,
the human driver would make the lane change when the two cars’ time-to-collision (TTC)
reaches 1.8 s. In this case, the trajectory and state of the front truck are incorporated into
the simulation using CarMaker’s extended interface. Meanwhile, The ViL testbed is used
to verify whether the VUT equipped with Apollo can successfully cope with this scenario
when the lane change is triggered under the same conditions.

Figure 5. Evasive lane change sequence.

In order to reduce the intricacy of the trajectory analysis, subsequent analyses of the
results employed the Frenet coordinate system, where S represent the longitudinal distance
along the route, and L indicates the lateral deviation according to the reference line. The
reference line for this system is established based on the centerline of the starting lane of
the ego car. To analyze and compare the driving reaction of the Apollo automated driving
system and a human driver in response to a target vehicle manoeuvre, the trajectories
of the three entities are plotted in Figure 6. The identical analytical methodology is also
implemented in Section 5.2.

The simulation results of the trajectory in Figure 6, presented in the S-L coordinate,
reveal that the Apollo-based driving function demonstrates driving behaviour comparable
to that of a human driver before the 10-s mark, particularly in terms of longitudinal and
lateral displacement. This similarity is achieved by setting the initial conditions in the
test bench to match the driving conditions in a real-world scenario, providing a solid
foundation for evaluating subsequent Apollo decisions. Between the time interval of 10 to
13 s, a noticeable difference arises in the decision-making of the human driver, who opts
to decelerate from 77 km/h to approximately 60 km/h in response to the presence of the
truck ahead. In contrast, the Apollo-based driving function maintains a predetermined
cruising speed during the same time interval and does not proactively respond to the
presence of the forward truck. However, the Apollo automated driving system and the
human driver exhibit similar driving behaviour in response to a target car manoeuvre,
with a lane change after 13 s. However, the decisions of the two diverge after 16 s, with
the human driver preferring to remain in the new lane. In contrast, the Apollo system,
guided by a single-reference line, actively returns the vehicle to the original lane after
completing the lane change, which causes a 1 m offset in the L-direction trajectory due
to the comfort weight constraint. Additionally, the velocity plot shows that the human
driver decelerates significantly in response to a sudden speed reduction of the car in front,
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while the Apollo system only slightly decelerates at the beginning of the lane change to
maintain comfort. Nonetheless, the final simulation results confirm that the automated
driving system can effectively handle emergency avoidance scenarios. However, further
calibration and planning strategies are required to enhance the system’s ability to learn
from human driving behaviour. The time interval between 15 and 18 s is particularly
notable for assessing lateral controllability. Excessive lateral displacement has the potential
to mitigate risks, but it may also introduce discomfort for passengers. This aspect warrants
further investigation in future research endeavours.

Figure 6. Evasive lane change scenario: comparing the response of the Apollo automated driving
system and a human driver to a target vehicle manoeuvre.

5.2. Preventing Collisions

This study of preventing collision uses the CEDATU (Central Database for In-Depth
Accident Study) road accident database [40,41] as a source of data. The CEDATU includes
about 4500 accidents that resulted in either personal injury (fatal, severe or minor) or
property damage only. This scenario is a typical example of high-dynamic situations and
is, thus, chosen to test the effectiveness of Apollo’s emergency response strategy during
high-speed driving conditions. The overall collision scenario is given in Figure 7. The
collision occurred during nighttime on a dry road with favourable weather conditions. The
target vehicle is travelling at 130 km/h, while the ego vehicle is travelling at 150 km/h,
exceeding the speed limit (130 km/h). The target vehicle is initially in the right lane, while
the ego vehicle is in an adjacent lane. Subsequently, the target vehicle changes lane, after
which it abruptly decelerates from 130 km/h to 86 km/h for an unknown reason. The
driver of the ego vehicle attempted to avoid a collision by applying emergency brakes.
Unfortunately, the driver of the target vehicle is not wearing a seat belt and is ejected from
the vehicle, resulting in fatal injuries. The accident is caused by high-speed driving with a
delayed reaction time of the ego car’s driver. Even with a typical human driver reaction
time of 0.8 s according to [42–44], the ego car would not have been able to prevent the
collision after the target vehicle changed lanes. Therefore, the use of the Apollo platform to
develop a highway chauffeur function to address such scenarios appears to be reasonable.
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Figure 7. Pre-crash sequence.

The present study aims to validate Apollo’s decision on speed planning for a high-
speed collision scenario. In this real accident scenario, the human driver’s lack of timely
reaction to potential danger often leads to collisions. Figure 8 shows the motion process
of the target car five seconds before the collision. During the initial four-second period,
both the trajectory of the Apollo-based driving function and the human driver exhibit
comparable behaviour. This alignment of trajectories serves as a suitable starting point
for testing subsequent manoeuvres. The velocity profile indicates that the human driver
realized the need to slow down only 0.8 s before the collision, which was already too late.
Such accidents are often caused by distraction of the driver’s attention. The analysis of
the trajectory in the L-direction shows that the human driver exhibited abnormal driving
behaviour characterized by lane departure during the time interval of 0–4 s before the
occurrence of the accident. In contrast, the Apollo-based driving function effectively
maintained the vehicle’s position in the middle of the road due to the proper weighting of
the centre line constraints of the lane. Additionally, the target car begins to move towards
the left lane from 2.5 s onwards. In contrast, Apollo’s speed planning module predicted
the target car’s motion in the adjacent lane and initiated a slow deceleration to adjust the
distance between the cars. When the front car invaded the ego car lane at 3 s, the ego car
decelerated at a rate of approximately −7 m/s2 to avoid a collision. At the end of 5 s, a safe
distance of 10 m is maintained from the target car, as shown in the S-direction plot. This
demonstrates the benefit of automated driving, which continuously monitors the road and
ensures safety, unlike a human driver prone to distraction and delayed reaction to potential
dangers.

Figure 8. Preventing collisions scenario: comparing the response of the Apollo automated driving
system and a human driver to a target vehicle manoeuvre.
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6. Discussion

In this study, we introduce and test an Apollo-based HAD function on the ViL testbed,
marking a significant milestone in implementing this HAD function within a real-time
simulation system. Two scenarios are successfully replicated, rear-end collision prevention
and evasive lane change, on the testbed, showcasing the potential of digital twin-based
simulation testing. However, it is essential to note that the current Apollo system lacks
the comfort aspect exhibited by human drivers, particularly in the case of evasive lane
change, where human drivers demonstrate better speed control and lane change path
comfort. Calibration of the Apollo system parameters emerges as a potential avenue for
future research. Nonetheless, the excellent performance in rear-end collision prevention
highlights the system’s reliable response to critical situations. The reliance on sensor
perception allows for early detection of potential risks, with Apollo reacting appropriately.
Overall, the proposed simulation framework depicted in Figure 1 exhibits robust reliability
in executing Apollo-based driving functions and offers flexibility for future extensions. The
ViL setup is able to replicate highly dynamic driving scenarios which cannot be replicated
on public roads but also maybe not on proving grounds because of the high speeds which
makes it complicated to maintain safety.

7. Conclusions

This study presents the development of a co-simulation framework to construct a com-
plete vehicle simulation environment using a ViL testbed. The experimental results reveal
that the inclusion of the complete vehicle within the simulation environment enhances the
realism of the testing setup, thereby potentially facilitating future virtual homologation
efforts, and HAD functions should be tested on the full vehicle level. The ViL testbed pro-
vides a viable option to balance virtual validation and real-world testing, which mitigates
potential risks associated with public road testing. The successful re-engineering of the
Apollo automated driving system and its implementation on the ViL bench showcases
the possibility of testing future SAE Level 4 fuctions not yet implemented in the vehicle
under test. This achievement validates the feasibility of running complex systems on
real-time platforms. Furthermore, scenario-based simulations have demonstrated Apollo’s
competence in responding to real-life hazardous situations, highlighting its potential to
enhance road safety. This study emphasizes the significance of full vehicle testing and
provides a reliable and safe testing platform for developing HAD functions.

In our future work, Apollo systems will continue to be optimized and enhanced, particu-
larly by enhancing the trajectory planning module to better emulate human driver behaviour.
Furthermore, the incorporation of more complex traffic flow scenarios to validate and test the
efficiency of Apollo on the ViL testbed is intended.
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