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This paper presents a new method for the design and validationof advanced driver assistance systems (ADASs). Withvehicle
hardware-in-the-loop(VEHIL) simulations the development process, and more speci�cally the validation phase, of intelligent
vehicles is carried out safer, cheaper, and more manageable. In the VEHIL laboratory a full-scale ADAS-equipped vehicle is
set up in a hardware-in-the-loop simulation environment, where a chassis dynamometer is used to emulate the road interaction
and robot vehicles to represent other traf�c. In this controlled environment the performance and dependability of an ADAS
is tested to great accuracy and reliability. The working principle and the added value of VEHIL are demonstrated with test
results of an adaptive cruise control and a forward collision warning system. Based on the `V' diagram, the position of VEHIL
in the development process of ADASs is illustrated.

Keywords:advanced driver assistance systems, hardware-in-the-loopsimulation, controller design and validation, adaptive
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1 Introduction

Every year in Europe alone, more than 40 000 casualties and 1.4 million injuries are caused
by vehicle-related accidents [1]. Although advances inpassive safety, as illustrated in �g-
ure 1, have made passenger cars ever safer, the safety potential of further improvements in
passive safety features is limited. However,active safetysystems like ABS [2] and ESP [3]
offer possibilities for improving traf�c safety by assisting the driver in his driving task. In
addition, advanced driver assistance systems (ADASs) have the potential to signi�cantly
reduce the number of road accidents. An ADAS is a vehicle control system that uses envi-
ronment sensors (e.g. radar, laser, vision) to improve driving comfort and traf�c safety by
assisting the driver in recognising and reacting to potentially dangerous traf�c situations.
Since an ADAS can even autonomously intervene, an ADAS-equipped vehicle is popularly
referred to as an `intelligent vehicle'. As explained in more detail in several surveys [4–7],
the following types of intelligent vehicle systems can be distinguished:

� Driver informationsystems increase the driver's situation awareness, e.g. advanced route
navigation systems [11].

� Driver warningsystems actively warn the driver of a potential danger, e.g.lane departure
warning, blind spot warning, and forward collision warning(FCW) systems [12]. This
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Figure 1. Total number of road accidents and fatalities per total distance travelled, normalised on 1965 data for the EU [1].
In addition, the graph shows when passive safety systems (which reduce fatalities in case of an accident) and active safety
systems (which assist in avoiding an accident) have been introduced, as well as the expected safety potential of ADASs [8–10].

warning then allows the driver to take appropriate corrective actions in order to mitigate
or completely avoid the event.

� Interveningsystems provide active support to the driver, e.g. an adaptive cruise control
(ACC) system [13]. ACC is a comfort system that maintains a set cruise control velocity,
unless an environment sensor detects a slower vehicle ahead. The ACC then controls the
vehicle to follow the slower vehicle at a safe distance, see �gure 2. ACC is intended for
speeds above 30 km/h, but is currently being extended to a stop-and-go application for
automated longitudinal control in low-speed complex environments, such as traf�c jams
and urban areas [14].

� Integrated passive and active safety systems. In addition to passive safety systems that
are activatedduring the crash, a pre-crash system can mitigate the crash severity by
deploying active and passive safety measuresbeforea collision occurs [15]. Pre-crash
safety measures, such as brake assist and seat belt pre-tensioners, have recently been
introduced on the market [16].

� Fully automatedsystems are the next step beyond driver assistance, and operate without
a human driver in the control loop. Automated highway systems, using fully automated
passenger cars, are expected to signi�cantly bene�t traf�c safety and throughput, but are
not considered for short-term introduction [17].

According to several surveys ADASs can prevent up to 40 % of traf�c accidents, de-
pending on the type of ADAS and the type of accident scenario [8–10]. Despite this safety
potential, market penetration of ADASs has gone slow. Main challenges in this respect
are customer acceptance and understanding of the added value, liability exposure, and reg-
ulatory issues [6, 18]. Drivers also expect an ADAS to meet high requirements in terms
of (subjective) performance, reliability (low rate of false alarms), and safety (low rate of
missed detections). Therefore, the ADAS must be tested for the wide variety of complex
traf�c situations that the system should be able to recogniseand handle [19]. Unfortu-
nately, exhaustive testing of an ADAS prototype is usually impossible due to constraints
in costs and time-to-market. Not only the design, but especially the validation of ADASs,
thus requires a growing effort in the development process. To address these issues, ef�cient
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Figure 2. Schematic representation of an adaptive cruise control (ACC) system that controls vehicle 2 to follow the leading
vehicle 1 with equal velocity at a desired safe distancexd . Further de�ned are the positionx, velocity v, and accelerationa
of both vehicles, the relative velocityvr = v1 � v2 , the clearancexr = x1 � x2 (neglecting the length of the vehicles), and the
separation errorex = xd � xr , all in longitudinal direction.

methods are required for the design of ADAS controllers and the validation of their safety
and performance.

The objective of this paper is to present a new method for the development of ADASs that
complements the existing development process. This method consists of vehicle hardware-
in-the-loop (VEHIL) simulations that allow to ef�ciently and accurately test full-scale
ADAS-equipped vehicles in an indoor laboratory environment.

The remainder of this paper is organised as follows. The problem statement is further de-
�ned in section 2 by reviewing the development process of ADASsand state-of-the-art test
methods. In section 3 we then present the working principle and added value of the VEHIL
concept, and discuss the position of the VEHIL laboratory in the ADAS development pro-
cess. This is demonstrated in section 4, where VEHIL test results for ACC and FCW are
presented. Finally, section 5 presents the conclusions, anddiscusses ongoing research ac-
tivities. Lists of frequently used symbols and abbreviations are also included at the end of
this paper.

2 Tools in the design and validation process

In the automotive industry the different phases in the development process of safety-critical
control systems are often connected using the `V' diagram, depicted in �gure 3 [20]. The
`V' diagram uses a `top-down' approach todesignand a `bottom-up' approach tovalida-
tion, although in practice the process does not strictly follow all phases in this sequence
and goes through several iteration loops. The `V' diagram is frequently applied to the de-
velopment process of mechatronic vehicle systems [21]. However, the various development
phases for ADASs face some speci�c challenges.

2.1 Challenges in the ADAS development process

The ADAS development starts with a de�nition of thefunctional requirementsin terms of
the desired functions, driver comfort, and operational constraints. In addition, ADASs are
safety-criticalsystems that require a high level ofdependability, a term covering reliability,
(fail-)safety, and fault-tolerance. Hazard and risk analyses are therefore performed to iden-
tify the safety requirements, usually in terms of the rate of false alarms (when an ADAS
takes unnecessary action) and missed detections (when it fails to correctly detect a danger-
ous situation). State-of-the-art systems achieve a false alarm rate in the order of 10� 5 per
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Figure 3. The `V' diagram represents the sequential design and validation phases in the development of automotive safety-
critical systems, including the use of various test tools in these phases.

km, but this is still considered too high [12]. From the functional and safety requirements a
system speci�cationis produced to de�ne the precise operation of the system. However, in
practice requirements are often dif�cult to de�ne and subjectto ambiguity, which may lead
to an incomplete or incorrect speci�cation.

Subsequently, the system speci�cation is used as the basis forthe top-level design of the
system architecture, followed by detailed module design (environment sensor, controller,
actuator, driver interface). After implementation of the individual hardware and software
modules, system integration takes place by assembling the complete system from its com-
ponent modules. In every integration phaseveri�cation takes place to determine whether
the output of a phase meets its speci�cation, as illustrated by the horizontal arrows in �g-
ure 3. On component level this means testing the range, accuracy, and tracking capabilities
of the environment sensor [22]. On a higher level, veri�cation must assure that integration
with other subsystems does not have any negative side-effect.

Since veri�cation only con�rms compliance with the speci�cation, errors in the speci�-
cation may result in a faulty product. It is therefore important to performvalidationof the
integrated system against its requirements, especially for type approval and certi�cation
purposes. Usually, the development process involves several iterations, where the results
of veri�cation and validation are used to modify the system speci�cation and design, after
which another test cycle takes place. Obviously, there is a need to reduce the number of iter-
ations and speed up the process of veri�cation and validation. Because of the need for fast,
�exible and reproducible test results, various `in-the-loop' simulation tools are increasingly
being used for design and validation of ADAS controllers, asindicated in �gure 3. After a
review of these tools, the position of the new VEHIL simulation tool in this development
process will be clari�ed in section 3.
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2.2 Model-in-the-loop simulations

The initial design of the ADAS controller is supported by so-called model-in-the-loop
(MIL) simulations, where the controller logic is simulated in closed-loop with models of
vehicle dynamics, sensors, actuators, and the traf�c environment. Unfortunately, current
simulation tools lack the possibility for testing the complete ADAS in a reliable way with
full integration of operating conditions, sensor characteristics, vehicle dynamics, and com-
plex traf�c scenarios. The new simulation concept PRESCAN was therefore developed
in [23]. PRESCAN allows reliable MIL simulation of ADASs, using validated physical
sensor models for radar, lidar, and camera vision in a virtual environment. The simulation
of traf�c scenarios is based on a multi-agent approach, as will be explained in section 3.

2.3 Hardware-in-the-loop simulations

When MIL simulations have provided suf�cient results, software code can be compiled
from the simulation model of the control system. The real codecan then be veri�ed with
software-in-the-loop (SIL) simulations, where the remaining hardware components, vehicle
dynamics, and environment are simulated in real-time.

Similar to testing the real software in a SIL simulation, the real hardware can be tested
in a real-time hardware-in-the-loop (HIL) simulation. HIL simulations consist of a com-
bination ofsimulatedandreal components, see �gure 4. Alternatively, a real component
can beemulated, i.e. replaced by anarti�cial component that has the same input and out-
put characteristics. Ideally, every component should be unable to distinguish between real,
simulated or emulated components that it is connected to in the closed-loop con�guration.
Therefore, HIL offers the �exibility of a simulation, where the use of real hardware offers
a high level of reliability.

The main advantage of a HIL simulation is that it provides a repeatable laboratory en-
vironment for safe, �exible, and reliable controller validation. Controller performance and
stability can be systematically tested without disturbances from other unrelated systems,
and dependability can be tested by controlled injection of disturbances and faults. HIL also
allows validation of the real hardware in an early development phase without the need for
a prototype vehicle, since any missing vehicle components can be simulated. For these rea-
sons, HIL simulations are more ef�cient and cheaper than testdrives, and are extensively
used for the development of vehicle control systems, such asABS [24], engine control sys-
tems [25], and semi-active suspension systems [26]. ADASs can also be tested in several
HIL con�gurations, as discussed next.

As indicated in �gure 3, in an early stagerapid control prototypingis carried out with
emulated control functions. This involves implementing a model of the desired controller
in a prototype vehicle for the purpose of rapid proof-of-concept, controller testing, and
parameter adjustments. Next, the hardware controller can be tested in a HIL simulation for
its real-time behaviour [27]. This limited HIL setup can gradually be extended to include
other modules, as the integration of the vehicle progresses. For instance, ADAS controllers
can be tested in a HIL simulation with real actuators [27] andreal sensors [28], where
all other components are simulated. However, a complex interface between thesimulated
environment and thereal sensor is necessary to generate a sensor signal. Yet anothertype
of HIL simulation is a driving simulator, which creates an arti�cial environment for an `in-
the-loop' human driver [29]. Driving simulators are usefulfor subjective evaluation of the
ADAS and for �ne-tuning ADAS controller settings.
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d can be injected by the operator to test the system's dependability.

Finally, the complete system can be real, including sensor, controller, actuator and vehicle
dynamics. This complete vehicle system is in interaction with the road surface (through
its actuators), as well as with the traf�c environment that isformed by other objects in
the world (through its sensors). Since environment sensors should receive a real input, an
arti�cial traf�c environment must be created to test an ADAS-equipped vehicle in a HIL
simulation. Up to now, no such HIL environment has been available for testing complete
intelligent vehicles.

2.4 Test drives

Test drives with prototype vehicles are always the �nal link in the validation chain to eval-
uate the system's performance in the real world environmentthat it will �nally be used in.
However, the value of test drives for control system design is limited, because test results
are hard to reproduce and often inaccurate, due to the lack of`ground truth' knowledge
on the exact state (e.g. obstacle position) of the vehicles involved in the test. In addition,
these tests are often expensive, unsafe, time consuming, and heavily dependent on weather
conditions [19, 27]. In the next section we therefore propose a solution to combine the ad-
vantages of HIL simulations with the representativeness oftest drives, by extending the
HIL environment from vehicle level to the traf�c level, as indicated in �gure 4.

3 Vehicle hardware-in-the-loop (VEHIL) simulations

To address the challenges mentioned in the previous section, we present a new method
for the design and validation of intelligent vehicle systems: vehicle hardware-in-the-loop
(VEHIL) simulations. VEHIL provides a solution for testing a full-scale intelligent vehicle
in a HIL environment [30]. The VEHIL concept was �rst described in [31], patented in [32],
and some preliminary test results have been presented in [33–36]. This paper presents the
VEHIL working principle in more detail and discusses the added value and position in the
ADAS development process based on new test results.
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3.1 Working principle of the VEHIL simulation

VEHIL constitutes a multi-agent simulator for intelligent vehicle systems, in which some
of the simulated vehicles are replaced by real vehicles. These vehicles operate in an indoor
laboratory that forms an arti�cial HIL environment for the intelligent vehicle. The environ-
ment sensors that are used in ADASs (radar, laser, vision), collect relative position data in
the absolute traf�c environment. VEHIL therefore makes a transformation from theabso-
lute motion of the objects in a traf�c scenario torelativemotion between those objects, as
illustrated in �gures 5(a) and (b). Using only the relative motion between a �xed intelligent
vehicle and target vehicles allows to have a controlled and space-ef�cient environment.

The software architecture of VEHIL is based on a multi-agent real-time simulator
(MARS) [37], as illustrated in the lower-left part of �gure 6. This multi-agent framework
consists of a collection of autonomousentities E(vehicles, other road users, or any other
dynamical component), each controlled by its own internal dynamics (e.g. a vehicle model,
as discussed in section 3.2). An entity has an absolute statex in the global coordinate frame
f Gg, notated as

Gx =
�
pT F T vT �F T aT F̈ T

� T ; (1)

whereGp =
�
x y z

� Trepresents the position andGF =
�
j q y

� T the orientation in Euler
angles (roll, pitch, and yaw) of the entity. The corresponding velocity and acceleration
components are represented byGv =

�
�x �y �z

� T , G �F =
�

�j �q �y
� T , Ga =

�
ẍ ÿ z̈

� T , andGF̈ =
�

¨j q̈ ÿ
� T .

Furthermore, avirtual world is de�ned that serves as a formal representation of the envi-
ronment relevant to these entities. Entities are typically represented in the virtual world by
objects Othat interact with other objects (vehicles, bicyclists, pedestrians, infrastructure,
traf�c lights). Objects are not simulation models, but are merely the virtual representation
of the simulation entities. A visual representation of thisvirtual world is shown in �gure
7. After every integration time step of this multi-agent simulation, the internal dynamics of
an entity (e.g.E2, representing vehicle 2) result in a statex2 in its local coordinate frame
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f C2g, notated asC2x2. Through the link between the simulation entityE in its local frame
and its virtual objectO in the global frame, the entity updates the stateGx2 of the associated
objectO2 in theglobal frame of the virtual worldf Gg. The link between entity and object
is indicated by the dashed lines in �gure 6.

An important feature of the MARS modelling concept is that anentity (e.g. a vehicle
model) uses abstract sensorsSand actuatorsA to interface with other objects in the virtual
world. Through its abstract sensorS2 the entityE2 can collect information about the state
Gx1 of another objectO1 (e.g. vehicle 1, associated withE1) in the virtual world. Vice versa,
the entity has an abstract actuatorA2 to change the stateGx1 of O1. Note that these sensors
and actuators are handled in anabstractway: they have no dynamics and data processing
features. Instead they can be interpreted as queries and actions on the virtual world. Real
sensors and actuators are model led as part of the entity's internal dynamics [23].

Using this simulation principle, the relative motion between vehicles 1 and 2 (entitiesE1
andE2) from the viewpoint of vehicle 2 is obtained by a coordinate transformation, where
the state of vehicle 1Gx1 is represented in the coordinate framef C2g of vehicle 2, i.e.C2x1.
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For the transformation to relative position and orientation, we then get

C2p1 = C2
G R(Gp1 � G p2) (2)

C2q1 = C2
G qGq1; (3)

whereC2
G R is the rotation matrix from framef Gg to f C2g andq represents the orientation

in Euler parameters [38]. If we neglect the vertical vehicle dynamics (z; j ;q) and only
consider relative motion in the horizontal plane (x;y;y ) the coordinate transformation in
(2) and (3) simpli�es to

C2
�

x1
y1

�
=

�
cosGy 2 sinGy 2

� sinGy 2 cosGy 2

� �
G

�
x1
y1

�
�

G
�

x2
y2

��
(4)

C2y 1 = G y 1 � G y 2: (5)

Please refer to �gure 5 for a visual representation of this transformation. In a similar way the
transformations to relative velocity (C2v1, C2 �y 1) and relative acceleration (C2a1, C2ÿ 1) are
derived [38]. For brevity, these derivations are omitted here, since the use of non-constant
transformation matrices and the hierarchical frame systembecomes very complex.

The simulation is run by execution of entities on computing nodes, which are connected
via a local area network. Each node has its own runtime environment, which also contains
a representation of the virtual world. Entities communicatewith this virtual world via its
abstract sensors and actuators. The `engine' of the entity simulation is an integrator (nu-
merical solver), which invokes the entity's code (i.e. the vehicle model) in timely manner
(synchronised with other entities in real-time). The implementation of the system archi-
tecture is Java based with time-critical parts in C/C++, butan interface is established to
MATLAB/Simulink: C code compiled from Simulink models can be embedded into the
runtime environment as entities. More details on this modelling concept and the runtime
environment are described in [37].

3.2 Vehicle modelling

The multi-agent simulator provides the framework, in whichanytype of vehicle model can
be simulated. The model complexity depends on the type of ADASand the objective of the
simulation. In case of an often used two-track model, the equations of motion are [39]:

mCẍ � mC �y C �y = å Fx � Fair ;x � Fgrav ;x (6)

mCÿ+ mC �y C �x = å Fy (7)

JC
z ÿ = å Mz; (8)

wheremandJz are the vehicle mass and inertia,å Fx, å Fy, andå Mz are the combined tire
forces and moments, andFair ;x andFgrav ;x are the longitudinal components of the air and
gravitational resistance forces.

These equations can be solved by numerical integration, using the following calculation
sequence. The current velocitiesC �x, C �y and yaw rateC �y in the vehicle framef Cg, the
wheel angular velocitieswi j , and the vertical tire forcesFz;i j are used as initial conditions.
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The velocity components at each wheel location are then

vlong;i j = C �x� C �y si (9)

vlat ;i j = C �y+ C �y l i ; (10)

with i 2 f 1; 2g indicating the front and rear axle, andj 2 f L ;Rg the left and right wheel,
respectively, andl i andsi being the longitudinal and lateral distance from the vehicle centre
of gravity. With a steer angledi j the velocities in the wheel framevwheel;x;i j andvwheel;y;i j
are then

�
vwheel;x;i j
vwheel;y;i j

�
=

�
cosdi j sindi j

� sindi j cosdi j

� �
vlong;i j
vlat ;i j

�
: (11)

For a tyre with radiusr, the tyre slip anglesk anda are then given by

ki j = �
vwheel;x;i j � wi j r

vwheel;x;i j
(12)

a i j = tan� 1
�

vwheel;y;i j

vwheel;x;i j

�
: (13)

For slip angleski j anda i j , camber anglegi j , andFz;i j , the Magic Formula [39] gives

Fx;i j ;Fy;i j ;Mz;i j = MagicFormula (ki j ;a i j ;gi j ;Fz;i j ) : (14)

These tyre forces and moments for each wheel are then transformed to the chassis frame by

�
Fchassis;x;i j
Fchassis;y;i j

�
=

�
cosdi j � sindi j
sindi j cosdi j

� �
Fx;i j
Fy;i j

�
: (15)

Introducing a wheel inertiaJwheel, drive torqueTdrive , brake torqueTbrake , and rolling re-
sistance coef�cientfr , the motion equation for the wheel is obtained as

Jwheel �wi j = Tdrive ;i j � Tbrake;i j � Fx;i j r � Fz;i j fr r; (16)

which giveswi j for the next integration time step. Equations (6)-(8) can then be solved by
summing the chassis forces and moments:

å Fx = å
i; j

Fchassis;x;i j (17)

å Fy = å
i; j

Fchassis;y;i j (18)

å Mz = å
i; j

�
� Fchassis;x;i j si + Fchassis;y;i j l i + Mz;i j

�
: (19)
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The vertical tyre forces for the next integration time step can then be found by

Fz;1L =
l2
2l

mg+

�
Fchassis;y;1L + Fchassis;y;1R

�
h1

2s1
�

h
2l

mẍ (20)

Fz;1R =
l2
2l

mg�

�
Fchassis;y;1L + Fchassis;y;1R

�
h1

2s1
�

h
2l

mẍ (21)

Fz;2L =
l1
2l

mg+

�
Fchassis;y;2L + Fchassis;y;2R

�
h2

2s2
+

h
2l

mẍ (22)

Fz;2R =
l2
2l

mg�

�
Fchassis;y;2L + Fchassis;y;2R

�
h2

2s2
+

h
2l

mẍ; (23)

where the �rst term is the static load distribution, the second term the load transfer due to
roll, and the third term the load transfer due to acceleration (neglecting suspension charac-
teristics). Here,l is the wheelbase,h is the height of the centre of gravity, andhi the height
of the roll centre at thei-th axle.

The driver input (Tdrive (t), Tbrake(t), anddi j (t)) to the vehicle model de�nes the traf�c
scenario that is simulated as a function of timet. The VEHIL scenario library contains a
database of traf�c scenarios, such as following, tailgating, cut-ins, lane changes, collisions,
and near-miss scenarios, created from in-depth accident analysis [35]. The PRESCAN sim-
ulation tool, brie�y mentioned in section 2.2, is used for scenario de�nition and simulation
before the actual VEHIL test takes place, based on the same multi-agent approach. Alter-
natively, prede�ned trajectories (e.g. for benchmark and certi�cation tests) or recorded test
drives can be accurately reproduced in VEHIL.

3.3 Substitution of the vehicle dynamics model by the vehicle under test

With the ADAS-equipped vehicle and other road users modelled, the real-time simulation
could run as a MIL simulation only, i.e. a PRESCAN simulation without hardware. How-
ever, (6)-(23) are usually not suf�cient to accurately modelthe ADAS-equipped vehicle. In
order to test a real intelligent vehicle in a HIL con�guration, the vehicle model of entity
E2 is substituted by the real vehicle under test (VUT), hence theterm `vehicle hardware
in-the-loop'. The ADAS-equipped VUT is therefore placed on a chassis dynamometer that
provides a realistic load for the vehicle's actuators (engine, brake system) and sensors (e.g.
wheel speed sensors).

The dynamic response of the chassis dyno, depicted in �gure 8, to driving actions of the
VUT must be representative of real road conditions, especially in terms of delay time and
phase lag. The operating frequency of the MARS is 100 Hz, whichmeans that the delay
time is an acceptable 10 ms. The yaw response to steer input�y =d and velocity response to
throttle/brake input �x=(Tdrive + Tbrake) of a passenger vehicle typically show a bandwidth in
the 1 Hz frequency range. This implies that the chassis dyno must at least have a bandwidth
of about 5 Hz in order to minimise positioning phase lag. Furthermore, an emergency stop
of a passenger vehicle can cause a maximum deceleration of around 10 m/s2. Consequently,
the chassis dyno must be able to achieve this as well.

These real-time requirements are met by a setup with four individual electric motor driven
drums. The chassis dyno can fully simulate a vehicle mass between 500 and 3500 kg up to
a maximum velocity of 250 km/h. The adjustable wheelbase accommodates a wide range
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Figure 8. Vehicle under test with radar sensor at the front bumper, driving on the chassis dyno in VEHIL and supported by
a rig at the front and back bumper.

Table 1. Speci�cations of the chassis dyno.

Wheelbase 1.8 – 4.0 m
Track width 1.2 – 2.4 m
Drum con�guration 4-wheel independent drive
Total peak power 832 kW
Traction force 24 kN
Response time < 10 ms
Drum diameter 1592 mm
Maximum velocity 250 km/h
Dynamic range passenger cars (500 – 3500 kg) full dynamics,� 10 m/s2

Dynamic range commercial vehicles (� 12 000 kg) reduced dynamics

of vehicle types: apart from passenger vehicles, also trucks, buses, and other automated
guided vehicles can be tested. Table 1 summarises the main speci�cations.

Note that the VUT itself replaces the vehicle model of (6)-(23). The chassis dyno only
needs to emulate the tyre forcesFx;i j that the VUT would encounter on the road. EachFx;i j
is emulated by the drum inertiaJdrum and the electric motor torqueTi j as

Fx;i j =
c0 + c1wdrum ;i j + c2w2

drum ;i j + Jdrum �wdrum ;i j � Ti j

rdrum
; (24)

where the �rst three terms in the numerator represent friction losses in the chassis dyno,
wdrum ;i j is the measured drum speed, andrdrum the drum radius. From (24) the reference
signals for the necessary motor torque are then calculated as

Tref ;i j = Jdrum �wdrum ;i j + c0 + c1wdrum ;i j + c2w2
drum ;i j � F̃x;i j rdrum ; (25)

whereF̃x;i j are observer estimated tyre forces.
This setup also emulates the correct correlation between theindividual drum speeds

wdrum ;i j =
vwheel;x;i j

rdrum
; (26)

to enable simulation of different wheel speeds when drivingthrough curves, where
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(a) (b)

Figure 9. Moving base: (a) without body and (b) with body.

vwheel;x;i j are calculated from (9)-(11). In addition, a special restraint system that keeps the
vehicle on top of the drums allows realistic heave and pitch motions of the vehicle body,
as shown in �gures 8 and 10. This rig produces a realistic dynamic vertical load transfer
between rear and front axle during braking and accelerating, in accordance with (20)-(23).

Finally, a road load simulation model estimates the VUT statevectorC2x2;vut using the
chassis dyno measurements and updates the stateGx2 of the associated object in the virtual
world. No further interfacing between the real VUT and the simulation environment is
necessary, such that the VUT can be tested as a black box system in a genuine HIL setup.

3.4 Substitution of a simulated target by a moving base

Similar to incorporation of the real VUT in a HIL simulation, surrounding road users can
be represented by a so-called moving base (MB), depicted in �gure 9(a). The MB is a
4-wheel driven, 4-wheel steered robot vehicle that responds to position commands of the
MARS and emulates the motionC2x1 of other road usersrelativeto the VUT, such that this
motion is detected by the VUT's environment sensor. For this purpose, the soft real-time
simulator (Ethernet network) and the hard real-time VUT and MBs (CAN bus) are linked
through dedicated interfaces, indicated in �gure 6. In orderto carry out the desired relative
manoeuvres, the MB must be able to perform motions that are not possible with a standard
car (e.g. sideways), as illustrated by the resulting velocity vectorC2v1 in �gure 5(b). For
this reason the individual wheels can be steered in a range of� 350� to + 350� .

Like the chassis dyno, the MB should also have a control bandwidth of about 5 Hz in
order to minimise positioning phase lag. In addition, the MBshould be capable of acceler-
ating with 10 m/s2 in order to emulate the relative motion resulting from an emergency stop
of the VUT. Finally, the top speed, which in view of the relative VEHIL world corresponds
to the maximum relative velocity, should at least be equal to50 km/h. This covers about
95 % of all collision scenarios [15].

These requirements are met by a vehicle platform equipped with independent all-wheel
steering and all-wheel drive, using battery-powered DC servomotors. The trajectory con-
troller of the MB realises the desired trajectoryxmb ;ref (t), de�ned by the relative motion
C2x1 of the target vehicle in the horizontal plane. The only condition is thatC2x1 �ts within
the dimensions of the VEHIL laboratory (200 m by 40 m) and meetsthe speci�cations of
table 2. The MB controller determines the drive torques and steering angles so as to min-
imise the difference between the actual and desired MB position, such that a reproducible
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Table 2. Speci�cations of a moving base.

Vehicle mass (including body) 650 kg
Wheelbase 1.4 m
Track width 1.4 m
Chassis con�guration 4-wheel independent drive/steer from � 350� to + 350�

Maximum velocity 50 km/h
Maximum longitudinal acceleration 10 m/s2

Maximum longitudinal deceleration � 10 m/s2

Acceleration from 0 to 50 km/h 2.1 s
Maximum centripetal acceleration 12 m/s2

Installed power 52 kW
Battery pack 288 NiMH D-cells, 375 V, 100 kg

trajectory is achieved within an accuracy of 0.10 m. The MB navigation system uses a com-
bination of magnet grid and odometry with a measurement accuracy of 0.04 m, resulting in
a total positioning accuracy of 0.10� 0.04 m. Table 2 gives some further speci�cations. For
more information on the design and control of the MB, the reader is referred to [40].

In order for the VUT to obtain realistic sensor data, the MB isequipped with a vehicle
body that represents similar target characteristics as a real vehicle, see �gure 9(b). Its radar
cross section is similar to that of a standard passenger car,and the body has a similar shape
and re�ection properties for testing vision and laser systems.

Subsequently, the ADAS controller receives realistic inputsignals through its vehicle
state sensors and environment sensors, and outputs commandsignals to the vehicle actu-
ators (engine, brake) with a realistic actuator load, just as if the VUT was driving on the
road. It must be emphasised that the actual MB motion in VEHIL isnot known a priori, but
is the real-time equivalent of the resulting relative motion between an autonomously simu-
lated target vehicle and an ADAS-controlled VUT. For example, when the VUT makes an
emergency stop with decelerationa2;vut , the MB accelerates forward witha1;mb = � a2;vut .
In this way aclosed-loopHIL simulation is obtained, such that the ADAS is validated in an
arti�cial traf�c environment, including real vehicle dynamics and real sensor input.

3.5 Added value of VEHIL in the development process of ADASs

By providing a world-wide unique HIL environment for intelligent vehicle systems, the
VEHIL laboratory offers a number of distinct advantages:

� Tests are performed in a reproducible and �exible way with high accuracy, since the MBs
are operated from a computer-controlled environment.

� The HIL setup allows precise and repeatable variation of testparameters to assess the
in�uence of speci�c parameters and failure modes on the ADAS performance.

� Tests are safer, due to the absence of high absolute velocities. Furthermore, traf�c sce-
narios are monitored by a supervisory safety system, which prevents any real collisions.
This allows to test ADASs in safety-critical (and even pre-crash) scenarios.

� The costs of the validation process are reduced, because manytests are performed in a
short time frame with a high success rate. The VUT can drive forhours and be continu-
ously tested, which is not possible during test drives. Depending on the complexity of the
scenarios, on average 15 tests per hour can be performed, including scenario compila-
tion, trial runs, test execution, and data acquisition. A test cycle is therefore signi�cantly
faster than is possible with test drives [19].
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Because of these advantages, VEHIL complements the existingdevelopment process of
ADASs in many phases of �gure 3:

� Rapid control prototyping in VEHIL can help to de�ne system speci�cations in an early
development stage. In addition, based on safety-critical manoeuvres and fault injection,
potential hazards can be analysed.

� The �exible transition from MIL simulation in PRESCAN to HIL simulation in VEHIL
allows a model-based development of the controller. Critical scenarios that are identi�ed
with MIL simulations can be quickly uploaded in VEHIL for experimental testing. Test
results can then be compared to the simulation results for model validation.

� On module level the ability to combine high position accuracy with high and accurate
relative speeds makes VEHIL an ef�cient tool in veri�cation andbenchmarking of the
exact performance of environment sensors (e.g. sensor calibration).

� On system level VEHIL especially facilitates thefunctional validation of the perfor-
mance and dependability of complex black-box controllers against objective measures.
Algorithm evaluation and �ne-tuning can be done ef�ciently.

� For production sign-off and certi�cation purposes the high reproducibility and ability to
deal with safety-critical applications make VEHIL a strong tool.

� Finally, VEHIL facilitates the transition from simulations to outdoor test drives that are
used to evaluate the real performance and dependability on the road. These test drives can
be performed with a much higher con�dence and less risk, when the ADAS has already
been thoroughly tested in VEHIL.

3.6 Representativeness of VEHIL

A fundamental aspect of a HIL test environment is that it provides arepresentativetest-
ing environment. The input from the arti�cial VEHIL environment into the VUT must be
representative for the actual driving conditions on the road. A restriction of the VEHIL
simulation is that vehicle-based inertial sensors (accelerometers and yaw rate sensors) do
not give a representative signal, since the VUT is held at a stationary position. Another
restriction is that the chassis dyno does not produce lateral tyre forces in accordance with
(13)-(14) during steering actions of the VUT, sincea1j equalsd1j . However, the resulting
relative lateral and yaw motion can still be correctly emulated, as shown in �gure 5(b).
On the road environment sensors can be perturbed by obstacles outside the relevant area
(e.g. infrastructure elements outside the path of motion).Much of the effort in sensor post-
processing is associated with �ltering out these disturbances. In VEHIL these disturbances
can be different from the real world or even absent, althoughthe absence of these distur-
bances does not affect the basic operation of the ADAS.

To solve these issues, the HIL concept allows to feed the ADASin real-time with a `mix-
ture' of real and virtual sensor signals. Any missing sensorsignal can be generated from
the real-time simulation of the vehicle model (6)-(23) in the MARS (the internal dynamics
of entity E2), which replaces the real sensor signal and is subsequentlyfed into the ADAS
controller. In addition, this setup allows to inject additional signals that represent (infras-
tructure) disturbances or failure modes. Alternatively, inertial and environment sensors can
be installed on an MB that executes a traf�c scenario as if it was a standard road vehicle,
while another MB represents a target vehicle, as shown in �gure 5(c). This setup also allows
to obtain a closing velocity of up to 100 km/h, when two MBs drive towards each other.

Due to the absence of a realistic driving environment, VEHIL is not intended to serve as a
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driving simulator, although it has potential to include driver interaction, as shown in section
4.2. VEHIL is therefore not meant to replace test drives, but focuses on reproducible and
accurate testing of the ADAS performance and dependabilitybefore test drives take place.
In addition, VEHIL tests are used for those scenarios that aretoo dif�cult or dangerous
to perform on the road. We will therefore demonstrate the suitability and added value of
VEHIL in the next section with test results.

4 VEHIL test results for ADAS applications

In cooperation with industrial parties, tests have been conducted for several vehicle types
(trucks, cars), ADAS applications (ACC, stop-and-go, FCW, pre-crash systems, blind spot
systems), and sensors (radar (pulse-Doppler, FSK, FMCW), vision (both mono and stereo),
and lidar). Here we will discuss the test results for ACC and FCW. For clarity, the presented
controllers are simpler than the actual implementation, since the focus is on the way they
are tested.

4.1 Adaptive cruise control system

An ACC controller must be tested in a closed-loop experiment, since the ACC control
actions affect the relative motion, which in turn is detected by the environment sensor.
Apart from the vehicle itself, optionally a human driver canbe included `in-the-loop' to
operate the ACC control lever and introduce disturbances. The prototype vehicle, depicted
in �gure 8 has been implemented with the feedback control law

ad = � k1ex + k2vr ; k1; k2 > 0; (27)

to obtain a desired accelerationad that controls bothex andvr to zero. In order to achieve
a natural following behaviour, the desired clearance is chosen asxd = max(v2th;s0) and
the feedback gains are calculated by nonlinear functionsk1 = f1(v2;xr ; th;s0) and k2 =
f2(v2; th), wheres0 is a distance safety margin andth is the driver-selected time gap (see
�gure 2 for a de�nition of the notation).

Control law (27) is tested for the traf�c scenario of �gure 10: the ACC-equipped vehicle
2 drives on the middle lane when suddenly another vehicle 1 cuts in from the right lane
at a lower speed (vr < 0 andex > 0). This happens att = 22.9 s, which can be seen from
the rangexr and anglef to the target in �gure 11. As soon as the radar sensor on vehicle
2 detects the obstacle in its lane (i.e.f � 0), (27) givesad < 0 and the ACC activates the
brake system att = 25.3 s. Vehicle 3 stays on the right lane and is used to test theability of
the radar to distinguish between important and irrelevant targets in the traf�c environment
(i.e. vehicle 3 should not be considered a target). On a test track it would be very dif�cult to
safely and reproducibly carry out such a test with human drivers, but in VEHIL the scenario
can be accurately reproduced. Especially note the transformation from absolute to relative
motion, i.e.vmb = v1 � v2.

The results also show that the MB has a maximum errore of 0.10 m between desired
and measured position, and a reproducibility within 0.01 m between consecutive test runs.
The velocity error is usually smaller than 0.1 m/s. This dynamic accuracy is reached up to
a bandwidth of 5 Hz and a velocity of 50 km/h, and is within the measurement noise of any
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1

2
3

Figure 10. The cut-in scenario of �gure 7 is reproduced in VEHIL to test the ACC system: (1) moving base no. 1 (MB1),
representing the relative motion of vehicle 1 from the viewpoint of vehicle 2; (2) vehicle under test; (3) MB2, representing
the other target vehicle 3.
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Figure 12. Trajectories of the moving bases in the VEHIL laboratory during the ACC test.

automotive environment sensor. Similarly, the chassis dynocan be accurately controlled up
to a bandwidth of 5 Hz.

With these type of tests VEHIL has an added value in identifying the requirements and
capabilities of an ACC system for safety-critical traf�c scenarios in an early development
stage. Using rapid control prototyping techniques, various control settings are ef�ciently
tested for a variety of scenarios. When the effect of varioustraf�c disturbances on control
performance is known, controller parameters can be optimally tuned. In addition, in a later
stage functional validation of the completed system to these requirements can be done
unambiguously and ef�ciently.

4.2 Forward collision warning system

Testing an FCW system is more safety-critical than ACC, sincea collision warning system
is activated shortly before a collision is expected. A warning is issued when a threshold of
maximum braking capabilitya2;min is crossed by the required decelerationad to prevent a
collision [41]. The algorithm takes into account whether an initially moving lead vehicle
(i) stops prior to the following vehicle, or (ii) is still in motion when the host vehicle stops.
Taking into account driver reaction timetr , ad is given by

ad =

8
>>><

>>>:

a1v2
2

2a1(trv2 � xr + s0)+ v2
1

, case (i)

a1(xr � s0) � 1
2v2

r

tr ( 1
2tra1 + vr )+ xr � s0

, case (ii),

(28)

such that a collision is avoided by a safety margins0.
The truck, shown in �gure 13, is equipped with a control law similar to (28) (includ-

ing some nonlinear characteristics). In the simulated scenario, an inattentive truck driver
slowly closes in with 25 m/s on another vehicle driving at 23 m/s (represented by the MB).
After the preceding vehicle suddenly brakes att = 46.7 s,ad in (28) drops belowa2;min at
t = 49.2 s, and subsequently the FCW system sends a collision warning to the driver. The
corresponding test results in �gure 14 show that, after a slight delay due to driver reaction
time, the driver brakes att = 49.9 s and avoids the collision.

In this way, optimum warning thresholds are de�ned by executing reproducible and safe
experiments. Apart from objective parameter tuning, VEHIL also seems to have potential
for subjective evaluation in addition to on-road tests. It can be veri�ed whether the warn-
ings, when given in de�ned critical situations, are adequate. Although the �nal subjective
evaluation should be done on the road, VEHIL can be used for an initial evaluation. Fur-
thermore, ongoing research focuses on validation of VEHIL test results with test drives and
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Figure 13. Experimental setup of a VEHIL test with a truck, equipped with an FCW system.
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on linking VEHIL to a driving simulator [42].

5 Conclusions

This paper has presented the new VEHIL concept for testing ADASs, where a real in-
telligent vehicle is operated in a HIL environment. VEHIL is suitable for various types
of ADASs: ACC, stop-and-go, FCW, pre-crash systems, blind spot systems, and fully au-
tonomous vehicles. With test results for ACC and FCW it was demonstrated that VEHIL
has an added value in several phases of the development process of an ADAS: sensor veri-
�cation; rapid control prototyping; model validation; function level validation; �ne-tuning
of control algorithms; production sign-off tests; and preparation of test drives. For these
purposes, VEHIL experiments are performed in an accurate, reproducible, and controllable
way to create a representative test environment.

Furthermore, tests are performed more ef�ciently than with outdoor test drives, and test
scenarios can be varied very easily, due to the connection tothe underlying simulation
environment. Subsequent test drives can then be performed with a much higher con�dence
in the system, since the ADAS has already been thoroughly tested in VEHIL. VEHIL is
thereforenot meant to replace MIL simulations and test drives, but to forman ef�cient link
between them. Consequently, the number of iteration loops in the development process is
reduced, saving on time and costs.

Ongoing research is focused on further optimisation of thisdevelopment process by
analysing the interactions between the different test methods: MIL simulations, VEHIL,
and test drives. This will also include a comparison of the results obtained with test drives
and VEHIL experiments, in order to further validate the effectiveness of VEHIL.
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Nomenclature

List of frequently used symbols

A abstract actuator –
a acceleration vector –
a acceleration m/s2

C local vehicle coordinate frame –
E entity –
ex distance separation error m
F tyre force N
G global coordinate frame –
h height of vehicle centre of gravity m
J mass moment of inertia kg m2

l wheelbase m
Mz aligning torque Nm
O object in the virtual world –
p position vector –
R rotation matrix –
r radius m
S abstract sensor –
s track width m
T torque Nm
t time s
th time gap s
tr reaction time s
v velocity vector –
v velocity m/s
vr relative velocity m/s
x state vector –
x position inx-direction m
xr relative position m
y position iny-direction m
z position inz-direction m
a tyre side slip angle rad
g camber angle rad
d steer angle rad
e control error m
q pitch angle rad
k longitudinal slip angle rad
F orientation vector –
j roll angle rad
f angle to object rad
y yaw angle rad
w angular velocity rad/s
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List of frequently used abbreviations

ACC Adaptive Cruise Control
ADAS Advanced Driver Assistance System
FCW Forward Collision Warning
HIL Hardware-In-the-Loop
MARS Multi-Agent Real-time Simulator
MB Moving Base
MIL Model-In-the-Loop
VEHIL VEhicle Hardware-In-the-Loop
VUT Vehicle Under Test

References
[1] International Road Traf�c Database (IRTAD).http://www.irtad.com/ .
[2] J. Broughton and C. Baughan. The effectiveness of antilock braking systems in reducing accidents in Great Britain.

Accident Analysis and Prevention, 34(3):347–355, May 2002.
[3] A. Lie, C. Tingvall, M. Krafft, and A. Kullgren. The effectiveness of ESP (Electronic Stability Program) in reducing real

life accidents.Traf�c Injury Prevention, 5(1):37–41, March 2004.
[4] S.E. Shladover. Review of the state of development of advanced vehicle control systems.Vehicle System Dynamics,

24(6–7):551–595, 1995.
[5] S. Tsugawa, M. Aoki, A. Hosaka, and K. Seki. A survey of present IVHS activities in Japan.Control Engineering

Practice, 5(11):1591–1597, November 1997.
[6] A. Vahidi and A. Eskandarian. Research advances in intelligent collision avoidance and adaptive cruise control.IEEE

Trans. on Intelligent Transportation Systems, 4(3):143–153, September 2003.
[7] R. Bishop.Intelligent Vehicle Technology and Trends. Artech House, Norwood, MA, USA, 2005.
[8] P.L. Zador, S.A. Krawchuk, and R.B. Voas. Automotive collision avoidance system (ACAS) program. Final Re-

port DOT HS 809 080, National Highway Traf�c Safety Administration, Washington, DC, USA, August 2000.
http://www-nrd.nhtsa.dot.gov/departments/nrd-12/pub s_rev.html .

[9] H.M. Jagtman, V.A.W.J. Marchau, and T. Heijer. Current knowledge on safety impacts of Colli-
sion Avoidance Systems (CAS). In P.M. Herder and W.A.H. Thissen, editors, Proc. of the 5th Inter-
national Conference on Technology, Policy and Innovation, Delft, June 26–29, 2001. paper nr. 1152.
http://www.tbm.tudelft.nl/webstaf/ellenj/publicatio ns.htm .

[10] J. Golias, G. Yannis, and C. Antoniou. Classi�cation ofdriver-assistance systems according to their impact on road
safety and traf�c ef�ciency.Transport Reviews, 22(2):179–196, April–June 2002.
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