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Abstract—Securing and homologating automated driving func-
tions presents a huge challenge for their market introduction due
to an enormous number of scenarios and environment parameter
combinations. Confronting conventional real world tests with the
new challenges of automated driving is not feasible anymore and
yields to a virtualization of the testing methods by means of
X-in-the-Loop approaches. Since their validity is a key enabler
for virtual homologation, this paper focuses on the validation
of X-in-the-Loop approaches. A generic validation methodology
is introduced and demonstrated for the specific use case of an
automated longitudinal driving function. As a proof of concept
equal scenarios are performed in real driving tests as reference
and in two X-in-the-Loop approaches based on a test bed resp. a
purely virtual co-simulation environment. The paper describes
how a consistent implementation can be ensured to evaluate
the collected data. First results show a promising correlation
regarding multiple repetitions on the test bed and regarding the
validation of both X-in-the-Loop approaches for a future virtual
homologation of automated driving functions.

I. MOTIVATION AND AIM OF WORK

Advanced Driver Assistance Systems (ADAS) in modern
vehicles increase the safety by supporting the driver in his
tasks. The systems are usually validated with field operational
tests of about 1 million kilometers focusing to avoid false
positives because the driver has to monitor the vehicle per-
manently [1]. The development towards automated driving
would require even millions to billions of kilometers for a
statistical prove against human accident databases according to
[2]. There is consensus among experts: Mastering the effort in
the future can only be achieved by means of significantly more
simulation. Every test drive and every test kilometer are costly.
To cope with increasing testing requirements virtualization is
a promising method. Virtualized tests are cheap, time saving,
reproducible and safety uncritical.

On the other hand, it is still unclear how safety-related
functions for automated driving should be homologated. The
experts agree on that it must come to a homologation directive.
Virtual homologation will play a crucial role in this regard.
Virtualization has even entered UN regulations for certification
resp. homologation of vehicles by official authorities. Regu-
lation 140 [3] for “approval of passenger cars with regard to
Electronic Stability Control (ESC) Systems” explicitly allows
simulation:

Where a vehicle has been physically tested in accor-
dance with [...], the compliance of versions or vari-

ants of that same vehicle type may be demonstrated
by a computer simulation [...].

The ESC homologation via Software-in-the-Loop (SiL)
or Hardware-in-the-Loop (HiL) requires a vehicle dynamics
model of sufficient quality to substitute the real vehicle. As
a prerequisite for further simulations, the models must be
validated against their real counterparts in different vehicle
dynamics maneuvers.

In terms of automated driving, not only the demand for sim-
ulation is yet higher but also the complexity of X-in-the-Loop
(XiL) approaches due to static and dynamic environmental
influences, such as road environment and traffic scenarios. A
consistent toolchain along the development and its validation
will be a key enabler for securing and homologating automated
driving. The question is now how can we qualify simulation
environments and models for the homologation of automated
driving functions? Can analogies to other areas be found here,
even if the discipline of automatic driving is significantly
more complex? Thus, this paper focusses on different XiL
approaches and their validation against proving ground tests
for the use case of an Automated Longitudinal Driving (ALD)
function.

II. STATE OF THE ART
A. X-IN-THE-LOOP METHOD

The time-tested V-Process continues to provide the frame-
work in vehicle development. In view of the complexity of
today’s and future testing and integration tasks, all components
have to be included and validated in the entire evaluation
process as early as possible in an approach known as front
loading. To do so, the traditional V-Process of the individual
domains is interlinked with and decomposed into relevant mini
V-Processes. The integration work across several domains is
performed at a very early stage in the whole virtual vehicle
using the XiL method [4]. It allows the interactions and
correlations of interaction chains to be evaluated very early and
corrected immediately if required. Agile system development
that is consistently focused on the behavior of the whole
vehicle is thus made possible.

XiL in this context stands for the seamless integration of
all relevant components and systems — software, hardware,
model — in the development, integration and test loops. Due to



virtual integration in the context of the V-Model it is possible
to know at any time what effects the tested component has on
the overall system, the whole vehicle or driving properties, for
example. Consequently, interactions can be detected in an early
concept phase and appropriate actions taken to avoid costly
errors and time loss. In addition to virtual integration, seamless
and standardized whole vehicle evaluation in cross-functional
maneuver catalogs plays a central role. Knowing at any time
what contribution a component has on the overall driving
properties and being able to compare the results between road
test, rig test and simulation marks a major step forward in
terms of quality and efficiency.

In the field of powertrain development, more and more, a
powertrain or full-vehicle test rig is being used as Vehicle-
Hardware-in-the-Loop (VHiL) approach [5] between the clas-
sic HiL test and road test (Figure 1). Here, everything that
does not exist as hardware is simulated as a so-called residual
vehicle or the residual environment. This makes it possible
to realistically validate the entire vehicle in real driving
maneuvers or driving scenarios. This provides more certainty
whether the functions in the overall system run as desired. In
addition, it provides the possibility of faster commissioning
and easier and reproducible troubleshooting if errors occur on
the real road. It is very interesting, if such a XiL test method
can also be used for automated driven vehicles, which will be
discussed in more detail in the following paper.

Another test approach according to the state of the art is
the so-called Vehicle-in-the-Loop (ViL) method, which is not
shown in Figure 1. Here, too, the residual of the vehicle or
the residual of the environment is simulated. This means that
traffic scenarios, road infrastructure and environment sensors
are simulated. The sensor signals are fed as object lists or
camera images into the real Electronic Control Units (ECUs)
via a bypass. The vehicle moves on an open-air site such as
a vehicle dynamics platform or a defined environment on the
proving ground [6].

B. VALIDATION METHODS

The UN/ECE-R 140 [3] does not provide a clear speci-
fication and recommendation for the subsystem models, on
the method, the maneuvers and the evaluation criteria to val-
idate the simulation tools. The directive enables the technical
service, in cooperation with the vehicle manufacturers and
suppliers, to create an appropriate procedure based on their
own expert knowledge. Unfortunately, the directive did not
have any preexisting standards for the validation of simulation
tools. In order to keep the interpretations as low as possible
and to achieve more safety during a homologation process, the
German standardization committee has launched national and
international activities at an early stage to develop a uniform
standard. Extensive preliminary analysis of various driving
maneuvers led to two key maneuvers for the UN/ECE-R 140
[3], in which the quality assessment of the simulation can
be carried out by means of certain characteristic parameters.
These were then developed at the national and international
level in close cooperation between the international vehicle

industry and research institutes. At the end, stationary and
transient validation maneuvers, characteristic values and toler-
ances were selected, which can adequately ensure the quality
of the simulation in the specific driving maneuvers [7].

Therefore, a two level validation approach was selected.
At first the validation of the passive vehicle (without ESC
controller) has to be performed according to ISO 19364 [8]
within the steady-state circular driving maneuvers. Values of
lateral acceleration, steering wheel angle, sideslip angle, and
roll angle from physical testing shall be obtained as specified
in ISO 4138 [9] or the Slowly Increasing Steer Test [10]
and plotted along with the boundaries obtained from the
simulation. Figure 2a shows the validation approach with top
and bottom boundaries for a vehicle with limit understeer
behavior. In Figure 2a, several ovals are used to group top
and bottom boundary points, indicated with circular markers,
with the corresponding point from the simulation, indicated
with a plus marker. Offsets and gains as related tolerances e,
and €, can be defined accordingly [8].

Secondly, the validation of the active vehicle (with ESC
controller) has to be performed according to ISO 19365
[10] within the transient Sine-with-Dwell maneuver, which is
required for the UN/ECE-R 140. The simulation and physical
test results are compared on the basis of characteristic values
of variables recorded at the specific conditions according to
Figure 2b. Tolerances allowed between metrics obtained from
physical testing and simulation can be defined based on the
given characteristic values.

In the meantime, several more simulation and
validation standards are being developed within the
ISO/TC 22/SC 33/WG 16 working group.

1) ISO Comment Draft 19585:
Heavy commercial vehicles and buses — Vehicle dy-
namics simulation and validation — Steady-state circular
driving behavior [11]

2) ISO Comment Draft 19586:
Heavy commercial vehicles and buses — Vehicle dynam-
ics simulation and validation — Dynamic lateral stability
of vehicle combinations [11]

3) ISO Preliminary Work Item 22135:
Heavy commercial vehicles and buses — Calculation for
steady state roll-over threshold [11]

4) ISO Preliminary Work Item 21233:
Heavy commercial vehicles and buses — Vehicle dynam-
ics simulation and validation standard — Closing curve
test [11]

5) ISO Preliminary Work Item 22140:
Passenger cars — Validation of vehicle dynamics simu-
lation — Lateral transient response test methods [11]

An ISO Preliminary Work Item is still under development.
An ISO Comment Draft has been submitted to the various
member countries to comment on an standard draft. The
validation approaches of the mentioned standards above are
almost the same as the ISO 19364/19365 even with specific
applications.
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Fig. 1: Consistent test instances based on XiL approaches

III. GENERIC METHODOLOGY FOR VALIDATION
OF X-IN-THE-LOOP APPROACHES

This section introduces a methodology how to validate XiL
approaches compared to real driving tests. The XiL. validation
architecture is visualized in the block diagram in Figure 3.
Each test instance is simplified to one line in the diagram
following the processing chain Sensor-Function-Vehicle. Dif-
ferent sensors perceive the environment — consisting of static
scenery and dynamic traffic objects of a scenario. The sensors
provide the Automated Driving (AD) function with their
environment information. The AD function calculates control
signals for the actuators in the vehicle so that the resulting
vehicle dynamics follows the desired behavior. For clarity,
loops back from the vehicle as well as an additional driver
block are omitted in Figure 3. For automated vehicles, the
human driver is still in the loop and especially relevant for
transition test cases. However, as the automated vehicle itself
and not the driver shall be secured and homologated in the
future, the driver is here not the focus for the validation of
XiL. approaches.

The top line in Figure 3 includes the real driving tests as
reference for comparison. Each single XiL approach is realized
as one further line with increasing virtualization from top
to bottom. For SiL. resp. MiL the whole processing chain
is virtual, for HiL the AD function is integrated as real
component and for ViL resp. VHiL the AD function and the
vehicle [12]. It should be noted that it is also possible to
replace the virtual sensor model by physical stimulation of
the real sensor [13]. To validate XiL. approaches against real
driving tests by comparing result signals, all test instances have
to get the exact same input signals (=). Then good simulation
models that fit their real counterparts in the same column
in Figure 3 will lead to similar behavior as in reality. Bad
simulation models will cause big differences (A) between the
result signals and hurt certain tolerances.

IV. USE CASE OF AUTOMATED LONGITUDINAL
DRIVING

A. SPECIFIC USE CASE METHODOLOGY

The further sections focus on the validation of the VHiL and
MiL approaches in the use case of an Automated Longitudinal
Driving (ALD) function as a proof of concept. Therefor the
specific methodology — visualized in Figure 4 — is derived
from the generic methodology of Section III. Since the paper
is dedicated to the validation of XiL. approaches for homolo-
gation of automated driving functions, the focus is on the
function itself. It has to be considered as a unit together with
the vehicle to close the control loop. Validating sensor models
can be separated and is not realized in this paper as well as to
complete the Sensor-Function-Vehicle chain. It will be part of
the authors’ future work. Thus, the unit of function and vehicle
enables exploiting the analogy of the two-stage validation
process introduced in Section II-B. There the passive vehicle
model must be validated at first for steady-state circular driving
according to ISO 19364 [8] before the influence of the ESC
controller can be added for Sine-with-Dwell tests in ISO 19365
[10].

In the first step of the two-stage process, a KIA Soul is
selected as the Vehicle Under Test (VUT). As no vehicle
dynamics model of the KIA Soul was available, the validation
of the passive vehicle model had to be replaced by its
parametrization and tuning in Section IV-B. This was executed
based on own static and longitudinal dynamic measurements.
After an initial parametrization, the model was tuned until it
reached a valid stage. In the second step, an ALD function
(see Section IV-C) was added to the vehicle dynamics for
the use case of automated longitudinal driving. To focus on
the unit of function and vehicle, a test driver is required
that bypasses the actual sensor, provides the ALD function
with the necessary input signals and stores the relevant output
signals. The realization of the test driver via Vehicle-to-
Vehicle Communication by means of Inertial Measurement
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Fig. 2: (a) Validation method based on boundaries, (b) Vali-
dation method based on characteristic values

(a) Key: Lateral acceleration (X), boundaries for steering
wheel angle (Y), top boundary points (Xra, Yra), bottom
boundary points (Xgb, Ygb),

(b) Beginning of Steer — BOS (T’z); Competition of Steer —
COS (To); Zero crossing for yaw rate (I's + T¢); yaw rate
at 1s after COS (Tp + 1); yaw rate at 1.75s after COS (Tp
+ 1,75)

Units (IMUs) in the real world and via ideal sensors in the
virtual world is described in Section V.

The prerequisite to provide same input signals (=) in
Figure 4 can be achieved by starting with real driving tests
on the Proving Ground (PG), measuring the dynamic ground
truth for the ALD function with precise IMUs and generate
therefrom virtual scenarios without any modifications. After
executing the tests, Key Performance Indicators (KPIs) can be
calculated and compared (A) between the VHIL resp. MiL
approach and the PG tests. The KPI analysis is performed

Real
drive

Scenario l—-| Sensor

| ViL/ VHIL |

| HiL | Scenario l—-| Sensor

| SiL/ MiL | Scenario I—-| Sensor I—-| Function I—-| Vehicle
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- real

Fig. 3: Generic methodology for validation of XiL. approaches
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Fig. 4: Specific use case methodology.
V2V = Vehicle-to-Vehicle Communication

at different levels of the processing chain. The comparison
takes place evaluating the vehicle dynamics complemented
with some input and output ALD signals.

B. VEHICLE MODEL PARAMETRIZATION

To get a good comparison between the MiLL approach and
real driving tests, a vehicle dynamics model of the Vehicle
Under Test (VUT) needs to be parametrized. Traffic Simula-
tion Vehicles (TSVs) surrounding the VUT do not require any
vehicle dynamics model at all, because measurements from the
test track will be imported directly as driven trajectory into the
simulation. The generation of the vehicle dynamics model of
the VUT is split in an initial parametrization followed by an
iterative fine-tuning until the model is valid.

Due to the use case of ALD, no fully parametrized vehicle
model with all subcomponents is required. For longitudinal
dynamics the stabilizer, suspension kinematics and steering
can be neglected. Regarding the relevant subcomponents, a
few of the main parameters like wheelbase, tires, gearbox and
power map are even open accessible and directly used for
the initial parametrization. Other parameters like vehicle mass
and center of gravity are determined by static measurements
according to ISO 10392 [14] with the complete measurement
hardware. To ensure autonomy between the vehicle model
parametrization and the later validation of the XiL. approaches
completely separate dynamic measurements without the ALD
function are performed here. The power curve is measured on
a chassis dynamometer, the driving resistance with dynamic
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Fig. 5: Passive vehicle model tuning based on full acceleration
and full braking

coast down on a test track. Additionally, longitudinal dynamic
tests with different scales of throttle and brake up to full
acceleration and full braking are executed. To parametrize a
hydraulic brake model comparisons between brake pedal force
resp. position, brake pressure and deceleration are made.

The data from the longitudinal dynamics tests is used
for the iterative fine-tuning until the model is valid. This
is illustrated in Figure 5 by means of the full acceleration
and braking maneuvers. Velocity and engine speed are two
important signals to reveal performance differences in the
physical structure of the vehicle model. As this paper is
focused on the validation and not on model development a
trade-off between parametrization effort and perfect model
validity had to be found. Latencies, pedal maps, efficiencies,
torque build-up, turbo charger characteristics and shift strategy
are not modelled. Anyway, the final state in Figure 5 manifests
sufficient validity for our proof of concept.

C. AUTOMATED LONGITUDINAL DRIVING FUNCTION

Since the focus of this paper was on the comparison of
different XiL. approaches and not on the evaluation of the
automated driving function it was necessary to have a white
box model of the function. Only if this is ensured, the
controller can be used in the real VUT on a rapid prototyping
ECU and as a model in the simulation of the virtual VUT. For
that reason, a simple self-developed ALD controller was used.

The ALD consists out of two different control strategies.
The first one is the distance control, which takes care, that
the VUT follows a TSV within a defined time gap. If there
is no TSV in front of the VUT the speed control is active
and ensures that the set speed is held. Both control strategies
calculate a desired acceleration within the limits defined in
[15], which is converted in throttle (o) and brake pedal
position (s;). With these signals, the VUT is controlled.

V. IMPLEMENTATION OF THE VALIDATION
METHODOLOGY

A. PROVING GROUND TESTS

The setup of the real driving tests on the Proving Ground
(PG) is illustrated in Figure 6. The VUT and TSV are both
equipped with precise measurement systems to locate their po-
sition accurately. These IMUs perform their calculations based
on GPS and GLONASS satellites and a real-time kinematic
system that is powered over the mobile phone network. Their
data is used to bypass the actual environment sensor and to
provide the ALD function with the necessary input signals.
These include the absolute velocity and acceleration of the
VUT as well as the relative velocity and the relative distance in
longitudinal and lateral direction. Whereas the absolute signals
are fed directly into the ALD function, for the relative signals a
Vehicle-to-Vehicle Communication is established over a Wi-Fi
network with directional antennas. Both the absolute and the
relative signals are measured in the vehicle-based coordinate
system of the VUT in accordance with [16]. The IMUs offer
the possibility to transfer the origin of the coordinate system
from the antenna to specific point of interests. For the use case
of ALD, the VUT’s reference point is placed on the front and
the TSV’s reference point on its rearmost edge. This simplifies
the setup because the IMU of the VUT calculates directly
the appropriate signals for the ALD function and no further
processing is required.

To send the IMU data to the ALD function, a separate
Controller Area Network (CAN) bus for vehicle control is
integrated in the VUT. The connection of the ALD function
to the CAN bus is realized with the rapid prototyping ECU
in Figure 6. The latter executes the ALD function from
Section IV-C compiled for the specific target. The ALD
function calculates the desired throttle and brake commands.
To forward them from the rapid prototyping ECU to the VUT,
an external car control for brake and acceleration is required
as vehicle interface. To control the braking system of the
VUT a braking robot is installed and also connected to the
separate vehicle control CAN bus. Based on brake commands
of the ALD function a position controlling system actuates the
braking robot to the desired position (sp).

To control the accelerator pedal an additional interface
module is required. This module controls the accelerator
pedal by calculating spoofed sensor voltages. Two sensors are
integrated in the pedal actuator to measure the pedal position.
The module is connected via a Y joint to the accelerator pedal
and the engine ECU. The interface receives target values for
the position over CAN and converts this information to output
voltages which are simulating a driver input. If no action is
send to the module, all acceleration pedal inputs are passed
through the interface directly to the engine ECU. To reduce the
complexity of the actuation a car with dual clutch transmission
(automatic transmission) is used to avoid the installation of a
clutch and shifting robot.

Furthermore, the data of both IMUs is not just used for
online PG tests, but also stored for the import of the real
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Fig. 6: Overview of Proving Ground topology

scenarios into the virtual world in Section V-B and Section V-C
and finally for data evaluation in Section VI.

B. VEHICLE-HARDWARE-IN-THE-LOOP
INGCUBE CONFIGURATION

AS DRIV-

The VHIL approach is realized by means of an AVL
DRIVINGCUBE™ configuration [17] that builds up on an
AVL ROADSIM™ Chassis Dynamometer with additional
hardware and software specific for the ADAS/AD application,
such as sensor and environment simulation. For the use case of
ALD, the implemented toolchain includes an extended vehicle,
environment and traffic simulation and the interface to the
ALD function of the VUT. With this upgrade, the Chassis Dy-
namometer is capable to even validate and optimize ADAS/AD
functions and to transfer certain scenarios and maneuvers
from the proving ground to the chassis dynamometer. To
emphasize both the generic VHiL method and the implementa-
tion as DrivingCube configuration the consistent terminology
VHiL/DrivingCube is used in the remaining paper.

The measured data of the TSV from Section V-A is inte-
grated in the co-simulation platform Model. CONNECT™ in
Figure 7 as a signal table and transferred to the environment
simulation VIRES Virtual Test Drive to re-simulate the exact
testing conditions from the PG. To achieve this the VUT
and TSV are placed in the environment simulation on the
same starting positions as their counterparts from the PG tests.
Subsequently the virtual TSV drives the same trajectory as the
real TSV so that the equal testing conditions exist for the unit
of function and VUT. Thanks to this consistency, it will be
possible later to compare the VHiL/DrivingCube and the MiL
approach to the PG tests. To detect the TSV in the simulation
an ideal sensor is mounted on the simulated VUT. This sensor
provides the signals for delta distance (As), delta velocity
(Av) and the lateral distance, which is used to determine
if the TSV is a relevant target. The target is classified as
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relevant, if the lateral distance is below a certain value. The
environment simulation delivers this information via a local
area network connection to the co-simulation platform. From
there the information is send to the vehicle control CAN bus
introduced in Section V-A.

The signals for actual speed (v) and acceleration (a) of
the VUT are provided by the chassis dynamometer via test
bed CAN to the simulation. From there the information is
forwarded to the environment simulation to move the ego
vehicle. The signals are also forwarded to the vehicle control
CAN where the rapid prototyping ECU is connected and
uses these signals to calculate the desired throttle and brake
commands. Resulting out of the throttle and brake commands
the real VUT generates a tractive force on the test bed that
finally results in a rotational speed of the chassis dynamometer.

That means that the real VUT gets the same signals on the
same CAN identifier for the VHiL/DrivingCube test runs as
for the PG tests.

C. MODEL-IN-THE-LOOP

For the MiL approach in Figure 8, the virtual part of
the VHiL/DrivingCube approach can be reused completely.
As described in Section V-B, the real measurement data is
imported via signal table, send to the environment simulation
where an ideal sensor recognizes the relevant traffic object and
provides the signals for distance (As) and relative velocity
(Aw). The ideal sensor routes the environment signals to the
ALD function without any modifications.

The MiL approach replaces the real function and vehicle by
the ALD model from Section IV-C and the vehicle dynamics
model from Section IV-B. The ALD function is identical for
real and virtual test instances, just compiled for different tar-
gets. Whereas the target for tests with real function is the rapid
prototyping ECU, for MiL the ALD function was compiled as
Functional-Mockup-Unit. The Functional-Mockup-Unit takes
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the distance (As) and relative velocity (Av) from the ideal
sensor and calculates desired throttle and brake commands
for the vehicle dynamics model. The latter determines the
vehicle movement, feeds back the new actual speed (v) and
acceleration (a) into the ALD function and exchanges query
points and vehicle dynamics with the environment simulation.
To sum up, the MiL approach is executed in the same co-
simulation platform, which integrates and connects all its
models, as in Section V-B.

VI. SCENARIOS AND DATA EVALUATION
A. SCENARIO DESCRIPTION

For the validation of the XiL. approaches in the use case of
ALD four scenarios were defined in Table I.

B. REPEATABILITY OF VEHICLE-HARDWARE-IN-THE-
LOOP / DRIVINGCUBE

The first step for validating VHiL/DrivingCube and MiL
against the PG tests is to show that the VHiL/DrivingCube test
runs are reproducible after import of the real scenarios into the
virtual world. For the MiL approach this is ensured, anyway.
To verify this each PG scenario was repeated five times on the
VHiL/DrivingCube. The results are shown in this subsection
using the example of all five repetitions of scenario 2.

At first the initial values for delta distance (As), velocity
(v), acceleration (a) and velocity of TSV (vrgy ) are compared
for each scenario. The initial values of scenario 2 are shown in
Table II and match almost perfectly after the scenario import.

Then the plots over time are compared for the five repeti-
tions in Figure 9. The velocities of the imported TSV (vrgsy)
coincide in Figure 9a. The comparison takes places at different
levels of the processing chain Sensor-Function-Vehicle. Delta
velocity (Awv) (see Figure 9b) and delta distance (Asg.t) (see
Figure 9c) are input signals of the ALD function, the desired
acceleration (aq.s) (see Figure 9d) is calculated by the ALD

function and the VUT velocity (v) (see Figure 9e) is part of
the vehicle dynamics. The upper and lower limit in Figure 9e
is calculated according to [18] annex 7: “tolerances on speed
(+2km/h) and on time (41 s) are geometrically combined at
each point”.

Beside the validation method based on plots and bound-
aries (see Section II-B), for the validation method based on
characteristc values the following Key Performance Indicators
(KPIs) are defined. The first and second KPIs are the average
(see Equation 2) and the maximum (see Equation 3) of the
standard deviation for the five repetitions over time.
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The relation between maximum and average value shows if
the signal has a constant high deviation (¢ = &) or has only
one or more peaks (7 < 7).

The next KPI is the correlation between the repetitions. The
correlation is calculated as shown in Equation 4.
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To be sure, that the correlation does not only fit the curve
shape but also the scaling the average value is taken into

account. The average value can be calculated as shown below
(see Equation 5).
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The first two KPIs have been calculated for the same
signals as plotted in Figure 9 and are shown in Table IIL
The correlation of the VUT velocity between the repetitions
is shown in Table IV and is very good. The average velocity
is also shown in Table V.

It should be noted that the vehicle has an automatic trans-
mission and was in D mode. This means that the gear changes
are not influenced by the test bed control or operator and vary
between the five repetitions. Because of that, the vehicle also
showed a different acceleration behavior, which explains the
deviation of the delta distance. Especially in repetition 3 of
Figure 9 this behavior can be seen. To restrict this variation
in a future test run the manual shifting mode will be used and
controlled by the test bed control or operator.

For the other three proving ground scenarios, the results
are similar to the shown ones for scenario 2. For the higher
speed scenarios, the standard deviation for delta distance, delta
velocity and VUT velocity is a bit higher, but remains within
the same range in percentage.

S|
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Fig. 9: Comparison of the VHiL/DrivingCube repetitions by means of (a) TSV velocity, (b) delta velocity, (c) delta distance,
(d) desired acceleration and (e) VUT velocity.



Scenario 1:

CO= CO= From standstill follow-up with 50 km/h reducing to 30 km/h back up to 50 km/h and 30 km/h again
Scenario 2:
CO=> CO= From standstill follow-up with 80 km /h reducing to 60 km/h back up to 80 km/h
Scenario 3:
(4 | lﬁ.j From standstill follow up with 60 km/h, TSV pull out left, VUT accelerate to 80 km/h
o Comin | Scenario 4:
\ From standstill follow up with 60 km/h, TSV pull out right, VUT accelerate to 80 km/h
TABLE I: Scenario description
Repetition As/ v/ a/ vrsy/ As/ v/ a/ vrsy/
m  (m/s) (m/s?) (m/s) m  (m/s) (m/s?) (m/s)
#1 10,592 -0,001 0,000 0,015 PG 10,586 0,000 0,0022 0,015
#2 10,592 0,000 0,000 0,015 VHIL/DC 10,592  -0,001 0,0002 0,015
#3 10,592 0,000 0,000 0,015 MiL 10,591 0,000 0,0000 0,015
#4 10,592 0,000 0,000 0015 — _

TABLE II: Initial values for the VHiL/DrivingCube repetitions

UTSV/ AU/ AScr,ct/ ades/ U/

(m/s)  (m/s) m (m/s?)  (m/s)
& 0003 0039 0496 0020 0041
I 0,010 0,283 1,082 0,257 0,324

TABLE III: Mean and maximum standard deviation for the
five VHiL/DrivingCube repetitions

C. COMPARISON OF THE THREE TEST INSTANCES

The comparison of the three test instances PG,
VHiL/DrivingCube and MiL is done consistently with
the same scenario and the same two validation methods based
on plots and boundaries and based on characteristc values as
already used in Section VI-B.

#1 #2 #3 #4 #5
#1 1 0,9999  0,9994  0,9999  0,9999
#2 09999 1 0,9995  0,9999  0,9998
#3 09994  0,9995 1 0,9994  0,9992
#4 09999  0,9999  0,9994 1 0,9992
#5 09999  0,9998 09992  0,9992 1

TABLE IV: Correlation of the VHiL/DrivingCube repetitions

#1 #2 #3 #4 #5

v/ 10,0078
(m/s)

TABLE V: Average of the VHiL/DrivingCube repetitions

10,0064 10,0000 10,0086 10,0103

vTSV/ A(U/ A'SIICt/ ades/ U/
(m/s)  (m/s) m (m/s?)  (m/s)
oy p 0,0035 0,0668 0,2413 0,0592 0,0716
oy p 0,0253 0,4097 0,8058 0,4190 0,4174
TMP 0,0035 0,1301 0,5938 0,1040 0,1365
OMP 0,0253 0,5292 1,4623 0,5554 0,5683
TABLE VII: Mean and maximum standard deviation of

VHiL/DrivingCube and PG (v p and 6y p) resp. MiL and
PG (orp and Gprp)

The initial values for delta distance (As), velocity (v),
acceleration (a) and velocity of TSV (vrgsy) are shown in
Table VI. Beside the initial values that match very well the
curves over time are shown in Figure 10 for velocity of TSV
(vrsvy), delta velocity (Av), delta distance (Asgct), desired
acceleration (ag4es) and VUT velocity (v). The curves over
time look similar for the three test instances. Proving ground
and VHiL/DrivingCube match very well, MiL has a little
more deviation compared to the proving ground, but still lies
within the boundary in Figure 10e. The first two KPIs (see
Section VI-B) for the validation of VHiL/DrivingCube and
MiL against the PG tests are shown in Table VII. For the
three test instances, a correlation is calculated as defined in
Equation 4 and can be seen in Table VIII.

PG VHiL/DC MiL
PG 1 0,9994 0,9974
VHIiL/DC  0,9994 1 0,9980
MiL 0,9974 0,9980 1

TABLE VIII: Correlation of the three test instances
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Fig. 10: Comparison of the three test instances by means of a) TSV velocity, b) delta velocity, c) delta distance, d) desired
acceleration and (e) VUT velocity.



The comparison of proving ground and VHiL/DrivingCube
matches very well for all driven scenarios. The standard
deviation is always relatively low and the correlation very
high. For the comparison between proving ground and MiL
a slightly higher deviation can be seen. This deviation results
from the modeling quality. Latencies, pedal maps, efficiencies,
torque build-up, turbo charger characteristics and shift strategy
were not modelled in the first step. Whereas the passive
vehicle matched well in Section IV-B, the additional braking
robot, latencies and pedal maps were identified as the sources
of deviation. To sum up, first results for the validation of
VHiL/DrivingCube and MiL compared to PG tests in four
scenarios of the ALD use case show promising results. This
work will be extended for further scenarios and evaluations in
the future.

VII. CONCLUSION

It’s a changing world! Advanced Driver Assistance Systems
and Automated Driving shall provide more comfort, time and
safety. Perceptions and decision made by the driver today will
be made by ADAS/AD functions in the future. The driver will
be driven.

To achieve this target a lot of new technologies and func-
tions have to be developed, integrated and connected in the
vehicle. The complexity increases tremendous with related
consequences on validation and homologation.

This paper introduced a new method for the validation
of XiL approaches that can also be used for the virtual
homologation of Automated Driving Functions. In addition
to the proving ground, homologation tests can be shifted to
empowered VHiL test beds as well as MiL/SiL/HiL simulation
environments. The key is the seamless toolchain and a compa-
rability between the different test instances. Based on that the
homologation process can be optimized by a scenario- and test
case-oriented combination of the proving ground, DrivingCube
and MiL/SiL/HiL approach to use the benefits of each test
instance.

Based on four different scenarios a proof of concept was
executed and introduced in this paper. The good correlation
between the three test instances could be shown. Beyond the
development of new tools and new methods the certification
of those to use them for homologation is always a challenge.
That topic was considered as the Chassis Dynamometer is
already used for emission homologation and the simulation
approaches for ESC homologation in comparable way. This
laid an important foundation that will be improved in up-
coming steps.
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