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ABSTRACT 

In order to enable state of the art and future acci-
dent preventing systems (APS) to react appropriate 
in traffic situations, it is essential to monitor the 
driving environment. Therefore a new communica-
tion, GPS and environmental sensor based method 
for APS data acquisition was developed. This me-
thod uses GPS, vehicle related driving dynamics 
data, wireless car-2-car-communication (C2C) and 
combines them with on-board environmental sen-
sor data (Camera and Lidar sensors).  
First a Kalman-Filter based GPS-tracking was 
developed in order to increase the update rate of 
GPS. Therefore GPS- and vehicle dynamics data 
are fused in a dead reckoning system. Second, a 
Kalman-Filter based 3rd order lane model was im-
plemented using Camera data from ego- and pre-
ceding vehicle - transmitted by C2C - for the de-
termination of the relevant target. Beyond vehicle 
related data are transferred from the target vehicle 
to the ego-vehicle in order to improve the target 
selection. The potential of this method was demon-
strated in a prototype collision mitigation (CM) 
system. The system was tested within driving ex-
periments and subsequent simulations with the 
measured data.  
With the new method the accuracy and scope of 
application of collision mitigation systems can be 
enhanced, so that the detection and identification of 
stationary vehicles, for example at the end of traffic 
jams, is improved. Furthermore a high reliability of 
the determination of the relevant target for APS can 
be reached.  
As a matter of course the limitation of this ap-
proach is the dependency of the system perform-
ance (as in all C2C and environmental sensor based 
systems) on the equipment rate. On the other hand 
it can be expected that equipment rates will in-
crease in future.  

INTRODUCTION 

Regarding commercial vehicles, rear-end collisions 
count among the most frequent occurring accident 
types [1]. Especially rear-end collisions with high 
relative velocities are dangerous if commercial 
vehicles are involved because of their high mass. 
The GIDAS data base (German in-Depth Accident 
Study) shows that car drivers perform an emer-
gency stop (6 m/s² to 10 m/s²) only in 22 % of all 
accidents. In approximately 78 % of the collisions 
an insufficient deceleration (0 m/s² to 6 m/s²) is 
executed [2]. [3] points out that nearly 60 % of all 
rear-end collisions and almost one third of all head-
on collisions - the correct reaction assumed - could 
be avoided, if the driver would react half a second 
earlier. These values show the potential of ad-
vanced driver assistance systems (ADAS) support-
ing the vehicle longitudinal dynamics. 
Nowadays, there are already brake assists in series 
production, initiating an emergency stop, if a colli-
sion with a vehicle driving in front seems unavoid-
able. Further systems are under development. To-
day, Radar and Lidar sensors as well as Camera 
systems are the basis for the detection of an immi-
nent collision. Out of this an abundance of chal-
lenges arise, for example the recognition of an 
object standing still or the misinterpretation of 
warning beacons at motorway constsruction sites. 
Present series systems only react on moving objects 
or objects, which were in motion at the beginning 
of the detection. Within this paper an approach is 
described that uses the GPS position and further 
data of the preceding vehicle, all transmitted by 
C2C to allow a detection of stationary target ob-
jects.  
This paper is structured as follows: first the Kal-
man-Filter based models are introduced. On the one 
hand an Extended Kalman-Filter (EKF) based ve-
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hicle model (GPS-Tracking) calculating global 
positioning data between two GPS data updates is 
implemented. With the help of this GPS-Tracking 
and a C2C a position measurement is employed. 
On the other hand a Kalman-Filter based street 
model is implemented that uses data measured by 
ego- and preceding vehicle. The street data from 
the preceding vehicle is also transmitted by C2C. 
The next chapter deals with the used hardware. It 
contains the description of the test vehicles, sen-
sors, C2C, GPS receiver and the utilised computa-
tion hardware. Afterwards an overview of the sys-
tem architecture is given. In the last chapter the 
results of test drives in real traffic, on the test track 
and the results of simulations with measured data 
are presented.  

KALMAN-FILTER BASED VEHI-
CLE- AND STREET MODELLING 

The vehicle- and the street model describe the cur-
rent condition of the vehicle and the environment. 
The state estimation of the model is supported by a 
Kalman-Filter. 
In a first step a vehicle model is developed, which 
describes the dynamic movement of the vehicle in 
Gauß-Krüger (GK) coordinates. In a second step 
the road is modelled, in order to describe the 
movements of the host vehicle in the lane and gen-
erate a path prediction. Both models are based on 
state space description. In the following the models 
and their mathematical formulation are presented. 

Vehicle Model (GPS-Tracking) 

The vehicle model describes the position and direc-
tion of motion (course) of the vehicle in GK coor-
dinates. Therefore a mass point, moving in the GK 
coordinate system, is considered (Figure 1). With 
the GPS data and the subsequent GK coordinate 
transformation, the x- and y-coordinates of the 
vehicle (xGK and yGK in Figure 1) are described 
with the GPS update frequency of 1 Hz. Further-
more, the course angle τ is given, which is also 
included in the GPS data. If a speed of 80 kph is 
assumed for commercial vehicles on motorways, 
then the vehicle travels 22,22 m within the GPS 
update rate. Since a GPS based positioning system 
should be realised, it is necessary to have a higher 
positioning update of the host vehicle (> 1 Hz). 
This is realised in an EKF based vehicle model, 
delivering additional position information between 
two GPS measurements. 
As shown in Figure 1, the course angle τ has a 
value of 0° if the vehicle moves into north direc-
tion. Furthermore, the positive rotation direction of 
τ is clockwise while the positive rotation direction 
of the vehicle yaw rate ψ&  is counterclockwise. 

Beyond the yaw angle GPSψ  is defined to be the 
angle between the y-coordinate of the GK coordi-
nate system and the vehicle’s longitudinal central 
axis.  

 

Figure 1.  Angles in GK coordinate system. 

Modelling the mass point’s motion in the GK coor-
dinate system can be done on different complexity 
levels. Within the object modelling two different 
models are commonly used, the model of constant 
acceleration or the model of constant velocity. 
The model of constant acceleration takes the posi-
tion, the velocity and the acceleration of the vehicle 
into account, see Equation (1).  
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atvpp kkkk
Δ⋅+Δ⋅+=+  (1). 

 
The model of constant velocity is a simplification 
of the model of constant acceleration by leaving out 
the acceleration term. Thus, Equation (1) is simpli-
fyed to Equation (2).  
 

tvpp kkk Δ⋅+=+1  (2). 
 
The movement of the object is described separately 
in longitudinal- and in lateral direction. Independ-
ently which object model is choosed, the state vec-
tor x for the vehicle model is given by:  
 

[ ]TGPSGKGK yx ψ=x  (3). 

 
It includes the position of the vehicle in x- and y-
direction in the GK coordinate system and the yaw 
angel GPSψ . In this paper, the model of constant 
velocity was chosen as the motion of commercial 
vehicles (especially on highways) is very steady. 
For future works the implementation of a constant 
acceleration model in combination with a multiple 
model adaptive estimator (MMAE) is planned.  
With the model of constant velocity, the discrete 
model equations for the Kalman filter can be de-
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termined. Under consideration of the slip angle β 
and vk·Δt replaced with Δxk Equation (4) is valid. 
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A visualisation of the state equations is given in 
Figure 2. Because of the included trigonometric 
functions, an extended Kalman-Filter must be used.  

 

Figure 2.  GPS vehicle motion model.  

The measurement vector y is equal to the state 
vector. Hence the measurement matrix C for the 
vehicle model is given by a 3x3 identity matrix.  

Street Model 

For a better understanding the variables used within 
the street model are introduced according to Figure 
3. These are the lateral position of the vehicle in 
lane (y0) related to the centre of the lane and the 
relative yaw angle laneψ , showing the orientation 
of the vehicle in the lane, see Figure 3.  

 

Figure 3.  Lane model and variables [4].  

Generally, the trajectory of the street can be com-
posed of several routing segments, describing a se-
quence of straight and curved parts. Since the tran-
sition from a straight part into a curve with constant 
radius would mean a sudden step in the road curva-
ture, the transition elements of roads are build as 
clothoids [5].  

     Modelling – The street model uses a 3rd order 
polynom according to [4]:  
 

( ) 312
0 62 FzgFzg

o
FzglaneFzglane x

C
x

C
xyxy +++= ψ  (5). 

 
This equation describes the trajectory of the lane as 
a function of the vehicle longitudinal axis. Based 
on the parameters, needed for the trajectory estima-
tion, the state vector can be derived. Doing so, the 
lane offset y0, the orientation of the vehicle laneψ , 
the curvature C0, the change of curvature C1 and 
the lane width B are state variables of the model.  
 

[ ]Tlane BCCy 100 ψ=x  (6). 

 
Using discrete time steps tk for the lane offset y0,k, 
Figure 4 shows that the following equation is valid:  
 

klanekkFzgk yyyy ,,0,1,0 Δ+=Δ++  (7). 

 
The lane offset of the next time step y0,k+1 is thus 
calculated by the sum of the current lateral lane 
offset y0,k and the change of the y-coordinate due to 
the lane curvature ( klaney ,Δ ), minus the change of 

the y-coordinate due to yaw movement ( kFzgy ,Δ ):  
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Figure 4.  Lateral position in lane.  

Comparable to the lateral position in lane the angle 

1, +klaneψ can be calculated from the sum of klane,ψ  

and the change of the angle klane,ψΔ  minus the 

vehicle motion kFzg ,ψΔ .  

 

klaneklanekFzgklane ,,,1, ψψψψ Δ+=Δ++  (10). 
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klane,ψΔ  is equal to the gradient angle of the road 

at the position xFzg,k = vk·Δt. The gradient angle of a 
straight line is defined as follows:  
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Using a small angle approximation (tan α ≈ α) it is 
possible to replace the gradient angle α by the gra-
dient value of the straight line. Transferred to the 
course of the road (no consideration of the ego-lane 
angle is necessary), the angle klane,ψΔ  is equal to 

the first derivation of the lane equation (5). 
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Furthermore, the yaw angle during the timeframe 
Δt ( kFzg ,ψΔ ), can be expressed as follows:   

 
tkkFzg Δ⋅=Δ ψψ &,  (13). 

 
In order to discretise the current curvature C0, the 
second derivation of (5) respectively the third deri-
vation for the change of curvature C1 can be used. 

 

Figure 5.  Relative yaw angle in lane.  

By using discrete points of time for observation, 
the matrixes needed for the Kalman-Filter are 
gained with the help of the equations mentioned 
above. For a better reading the term vk·Δt is substi-
tuted by Δx. Thus, the system matrix A is given as 
follows:  
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The input matrix B takes the yaw rate kψ& and the 
velocity vk of the vehicle into account.  
 

[ ]Tkkk ttv 0002 Δ⋅−Δ⋅⋅−= ψψ &&B  (15). 

 
The measurement matrix C has to be adapted indi-
vidually to the sensor and the communication.  

USED HARDWARE 

Having described the development of the vehicle 
model and the street model in the previous section, 
this chapter deals with the used hardware.  
For the development and testing of commercial 
vehicle ADAS, two experimental trucks are avail-
able at ika (Institut für Kraftfahrzeuge, RWTH 
Aachen University). One is an IVECO Stralis AS 
440 S 48 T/P EURO 3 with a 16-speed automatic 
gearbox (Figure 6). The second truck is an IVECO 
Stralis AS 440 S 48 T/P EURO 5 anticipo with a 
12-speed automatic gearbox. Both vehicles are 
equipped with 367 kW engines, hydrodynamic 
retarder and WABCO Adaptive Cruise Control. 
The vehicles’ steering is automated with ZF Ser-
voTwin Steering Actuators (torque super position) 
and the longitudinal dynamic is automated with a 
WABCO acceleration interface. Thus an external 
steering and acceleration/braking via CAN bus 
enabled.  
Figure 6 shows one IVECO test truck with the used 
environmental sensors: a monocular HELLA Cam-
era and HELLA IDIS Lidar sensor. The Camera 
system is equiped with an algorithm for lane- and 
vehicle detection and delivers data about surround-
ing vehicles and the trajectory of the road. The road 
trajectory data are curvature C0,CAM, lane width 
BCAM and lateral lane offset y0,CAM (compare Figure 
7). Beyond, the truck is equipped with a DENSO 
lane recognition camera, a 77 GHz WABCO Radar 
sensor and two 24 GHz HELLA Radar Near Dis-
tance Sensors (NDS). 

Kamera

Lidar-
sensor

C2C

 

Figure 6.  One of ika’s experimental trucks.  

In order to enable a wireless communication be-
tween the two trucks, WIRELESS CAN boxes 
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(called WCAN) by Agilion are installed in the 
trucks. The WCAN boxes allow a wireless connec-
tion between two or more network participants and 
are based on the robust radio technology nanoNET, 
a wide band communication technology in the 
5.8 GHz band. 

 

Figure 7.  Data delivered from HELLA camera. 

The GPS receivers used in this work are the GNS 
5843 receiver from GNS, Global Navigation Sys-
tems company. GNS 5843 is a GPS-RDS/TMC-
receiver with a Sirf-III chipset, supporting the 
NMEA 0183 data protocol. The cycle time is one 
second.  
The target hardware for the developed system is the 
dSPACE Autobox for rapid prototyping experi-
ments which offers the possibility of testing real-
time software on-bord. The software is developed 
with Matlab/Simulink and compiled with Real 
Time Workshop for the Autobox.  

SYSTEM ARCHITECTURE 

Our communication and environmental sensor 
based CM system for trucks needs robust data from 
the ego-vehicle and the environment. Therefore it is 
necessary to employ a GPS-tracking, that calculates 
the current position of the vehicle in the GK coor-
dinates. By means of the wireless communication, 
the GK coordinates and other vehicle relevant sig-
nals of a preceding vehicle are received in the fol-
lowing vehile. In combination with the IDIS Lidar 
sensor data, the received wireless data is combined 
and delivers a relevant target. Furthermore, the 
trajectory of the lane is predicted and is available 
for the CM system.  
In the following, the system architecture and mod-
ules are described.  
     Architecture – Figure 8 shows the architecture 
of the system. The measurement data are either 
used for determinatoin of the relevant target or 
delivered to the vehicle- or street model.  
GPS and vehicle sensors deliver measurement data 
to the vehicle model, executed each 10 ms. By 
means of an EKF, a GPS-tracking is built, provid-
ing position data of the vehicle in GK coordinates.  
The Camera system and the vehicle sensors deliver 
measurement data to the Kalman-Filter based street 
model and a robust prediction of the lane trajectory 

is reached. The street model is triggered with cam-
era measurement data (cycle time 50 ms).  
With the help of the IDIS Lidar sensor and the data 
gained by C2C, the relevant target vehicle is de-
termined. A relevant target can only be present, if 
the target vehicle and the ego-vehicle drive in the 
same lane. In this case, the lane trajectory runs 
through the target vehicle and a correction of the 
lane trajectory with the help of the relative coordi-
nates of the target vehicle can be performed. 
The architecture shown in Figure 8 is for imple-
mentation divided into five modules: the GPS 
modul, WLAN modul, vehicle data model, envi-
ronmental modul and CM modul.  

 

Figure 8.  CM system architecture.  

The GPS modul constains the vehicle model with 
GPS-tracking while the WLAN modul contains the 
transmission and receiving of the wireless mes-
sages. The vehicle modul is responsible to deliver 
the vehicle relevant data from CAN bus. The envi-
ronmental modul contains the algorithm for the 
determination of the relevant target and the street 
model. The CM modul consists of the CM system.  
     Vehicle Data Modul – The vehicle data modul 
delivers the relevant vehicle data from CAN bus 
and provides these data for further processing. In 
detail, these data are the yaw rate egoψ& , the vehicle 

velocity vego and the brake switch flag. The vehicle 
acceleration in longitudinal direction aego is gained 
from the velocity by a Luenberger observer [6].  
Further signals, generated within the vehicle data 
modul, are the vehicle width and the lane number. 
The vehicle width is hard coded with the width of 
the test vehicle (2.55 m). The lane number is de-
fined as shown on Figure 9. 
Up to now, no algorithm for the lane number de-
termination is implemented, thus the lane number 
for the performed tests was also hard coded.  
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Figure 9.  Definition of lane numbers.  

     GPS Modul – The GPS Modul contains the 
GPS-tracking. The GPS-tracking first transforms 
the GPS position (latitude, longitude and height) 
into the GK coordinates followed by generation of 
the measurement vector yGPS. The course angle τ 
has to be converted (16). Up to now, the slip angle 
β is not used in the test vehicle, but as the CM 
system is designed for highways the slip angle can 
be neglegted and (16) is simplified to (17):  
 

βτψ −−°= 90GPS  (16). 
  

τψ −°≈ 90GPS  (17). 
 
Hence, the state equations of the vehicle model are:  
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The measurement vector can be written with the 
current GK coordinates respectively the yaw angle 
and is available for the vehicle model.  
The input data of the GPS-tracking are the yaw rate 
and the velocity of the vehicle. For the EKF, the 
state equations are differentiated with respect to the 
state vector x to obtain the matrix A:  
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Since an GPS update (cycle time 1 s) occurs not in 
each time step of the vehicle model (cycle time 
10 ms), the innovation of the EKF is set to zero, if 
no GPS update occurred. In this case the state vari-
ables of the vehicle model are updated only based 
on the model itself. 
     WLAN Modul – The WLAN modul receives 
and transmits data via C2C. The modul of the target 
vehicle transmits the relevant data while the modul 
of the ego-vehicle receives data. Transferred data 
are: velocity, longitudinal acceleration, yaw rate, 
brake switch, lane number, vehicle width, GK co-
ordinates, lateral position in lane and curvature. 
Velocity, longitudinal acceleration, yaw rate, brake 
switch, lane number and vehicle width are taken 
from the vehicle data modul while the lateral posi-
tion in lane and the road curvature are obtained by 

the environmental modul. The GK coordinates are 
converted to the coordinates of the truck’s rear end.  
By means of the GK positioning data of the target 
vehicle’s rear and the ego GK positioning data, the 
relative location of the target vehicle with respect 
to the ego-vehicle can be calculated, see Figure 10. 
Therefore, the angle αtarget is determined:  
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With the help of αtarget the relative position of the 
target vehicle dxGPS und dyGPS can be calculated:  
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Figure 10.  Determination of the target vehicle’s 
relative position. 

     Environmental Modul – The environmental 
modul differs for the ego- and target vehicle. The 
target vehicle modul consists only of camera data 
input to transmit them to the ego-vehicle via C2C.  
The environmental modul of the ego-vehicle con-
tains the input of the camera data, the input of the 
IDIS Lidar sensor and an algorithm comparing the 
IDIS data with the positioning data gained by C2C. 
Furthermore, the street model is implemented in the 
environmental modul.  
The determination of potential target vehicles con-
sist of the evaluation of the following attributes:  

• Object data declared as valid by the sensor 
• Distance is less than 100 m 
• Object width less than lane width 

Furthermore, each IDIS object has a lifetime 
counter. Having checked these attributes, a list of 
potential target vehicles is available. The next step 
for the determination of the target vehicle is de-
picted in Figure 11. Here, the redundant object data 
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(from C2C and IDIS sensor) are compared. These 
are the relative object position in x- and y-
direction, the velocity, width and acceleration of 
the target vehicle. For all potential target vehicles 
the absolute signal difference from IDIS- and C2C 
data are calculated. For the differences thresholds 
are defined within the algorithm. If any signal dif-
ference is higher than the threshold, the IDIS object 
is not regarded as target vehicle.  

 

Figure 11.  Determination of target vehicle.  

In case of having more than one IDIS object after 
this procedure, the algorithm regards that object to 
be the target vehicle, whose sum of all signal dif-
ferences is smallest.  
The implementation of the street model is also part 
of the environmental modul in the ego-vehicle. The 
input signals are the data measured by the camera 
in the ego-vehicle and the curvature measured by 
the Camera of the target vehicle, transmitted to the 
ego vehicle (C0,CAM,target). With the knowledge of 
C0,CAM,target the change of roard curvature is:  
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The value dxtarget describes the distance of the target 
vehicle in longitudinal direction. The measurement 
vector ylane of the street model is now given by:  
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The output of the Kalman-Filter is the state vector. 
This signal passes a further function that corrects 
the state variables C0,ego and C1,ego in case of an 
existing target vehicle. Is this the case, it is ensured 
that the ego- and target vehicle drive in the same 
lane. With the knowledge of the lateral lane offset 
y0,CAM,target and the position of the target vehicle 

(dxtarget, dytarget) the curvature C*
0,ego can be calcu-

lated by neglecting the change of curvature C1:  
 

3
target

12
target

o,ego
targetlane,ego

0,egoet0,CAM,targtarget

dx
6

C
dx

2

C
dxψ

yydy

++

+=−
 (25). 

  

2
target

targetlane,ego

0,egoet0,CAM,targtarget

*
o,ego

dx

dxψ

yydy
2

C
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

⋅−

−−

=  
(26). 

EXPERIMENTS AND RESULTS 

The developed models are tested in different test 
drives. While driving, measurement data of the 
sensors, communication and model data are re-
corded in the ego-vehicle. The recorded data are 
later used as input for simulations in Mat-
lab/Simulink. Thus, the model parameter can be 
modified and the effect can be evaluated.  
For tuning of the GPS-tracking, test drives without 
target vehicle are executed. In order to examine the 
functionality of the street model and to give a 
statement about the C2C and GPS based position 
measurement accuracy, test drives with two test 
vehicles are executed. The test drives are carried 
out at different velocities on straight and curved 
roads and on a test track with a static target vehicle 
and the ego-vehicle approaching at different veloci-
ties.  

Function check and tuning of GPS-
tracking 

The first manoeuvre for the function check of the 
GPS-tracking is a steady-state circle drive. Six tests 
are carried out, clockwise and three counterclock-
wise on a diameter of 80 m and 40 m. The tests on 
the 80 m diameter are done with a velocity of 
25 kph and 40 kph while the tests on the 40 m di-
ameter are done with 25 kph. An evaluation of a 
test on the 80 m circle with 25 kph before and after 
filter tuning is depicted in Figure 12.  
In the lower diagram of Figure 12 it can be seen 
that the model behaviour after the filter tuning 
delivers better results. The evaluation of the test 
drive delivers a diameter of 80.35 m (corresponds 
to a difference of 0.35 m). If all tests are taken into 
account, the maximum difference for the 80 m 
circle is 2.5 m and for the 40 m circle 2 m.  
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Figure 12. Results of GPS-tracking before 
(above) and after filter tuning (below).  

Despite the filter tuning the circle in the lower 
diagram of Figure 12 shows steps in the signal due 
to GPS data update. Between two GPS data updates 
the GK coordinates and the course angle are up-
dated model based. The evaluation of the tests with 
tuned filter parameters shows that the maximum 
difference between the new received GPS position 
and the model based position is less than 1.5 m. 
Thus, it can be stated that the vehicle model deliv-
ers valid data. To ensure that the vehicle model 
delivers not only in steady-state scenarios valid 
data, test drives in real traffic are executed.  
Here the GPS- and vehicle data were also recorded 
for later offline simulations and the result is shown 
in Figure 13. 
The track contains straight parts and also curves 
with large and small radii. Hence, it is well used to 
examine the model function and perform a filter 
tuning. In Figure 13 red and blue position plots are 
given. The blue plots show the GPS measurement 
data from the receivers. The red plots are the 
tracked coordinates after further filter tuning. 
 

 

Figure 13.  Measurement on real road.  

Figure 14 shows a detail from the track (green in 
Figure 13). The model is doing well on straight and 
curved parts with a slight tendency to less accuracy 
for increasing curvature. The course angle τ is on 
the one hand less accurate during a change of mo-
tion direction and on the other hand time-delayed. 
Furthermore, the side slip angle β is neglected, 
which is correct for highway driving conditions but 
leads to mistakes on narrow curves. Hence, using a 
receiver with a better course angle and implement-
ing a slip angle estimator could increase the results. 

 

Figure 14.  Extract of measurement.  

As a further factor the traction and brake slip influ-
ences the performance. During strong acceleration 
and deceleration a higher difference between new 
measured and estimated position was found. In 
order to remove this influence, a reference velocity 
should be used in future, weighting the front axle 
speed sensors more during acceleration and rear 
axle speed sensors more during deceleration. 
Within all tests the largest difference between 
measured and estimated position was 2.51 m with 
an average value of 0.57 m after filter tuning. 

Fig. 14 
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Function check and tuning of street 
model 

Comparable to the functional check of the vehicle 
model, driving tests were performed for testing and 
filter tuning of the street model.  
In total 30 test runs were done for the functional 
check, ⅓ on straight roads, ⅓ on positive curvature 
(left turn) and ⅓ on negative curvature (right turn), 
with velocities between 60 to 90 kph. For the later 
offline simulations and tuning of the street model, 
again all relevant data were recorderd. Tuning of 
the object plausibility check algorithm is described 
in a later section, the simulation results of the street 
model are described now.  
Figure 15 shows the lateral position in lane for a 
test drive on a straight road. The measurement data 
are marked blue and the model data red.  
At the beginning, the Kalman-Filter needs some 
time to engage (Figure 15). Regarding the meas-
ured position in lane, at 12 s one can see a dropout. 
The sensor system did not detect the lane correctly, 
but the street model delivers a steady signal and is 
not influenced by this dropout. 

 

Figure 15.  Measured and estimated position.  

Figure 16 shows the results for the lane width of 
the same run. Here one can also find the dropout in 
the blue measurement data at 12 s and again the 
model based red signal is stable and not influenced. 
The lane width delivers correct values between 3.6 
and 3.8 m which are in the range of values defined 
for German highways (3.75 m according to [5]).  
In order to give a statement about the quality of the 
curvature and curvature change signal, the tests on 
curved roads are used. The test track is the last part 
of the highway A544 in Aachen, shown in Figure 
17 (marked blue). The test track is driven in both 
directions in order to get data of right-hand- (nega-
tive curvature) and left-hand bend (positive curva-
ture). With the help of a satellite picture and GPS 
data, a reference value for the radius of this curve 
was determined to 600 m (curvature 0.00167 m-1).  
The test drives were done with 60 and 90 kph and 
different distances (varying from 15 to 100 m) 
between the trucks in order to evaluate distance 
influences on the result.  

 

Figure 16.  Measured and estimated lane width.  

The evaluation of one measurement is shown in 
Figure 18. Because of the driving direction, posi-
tive curvature values should occur (direction 2, see 
Figure 17). Again the measurement data are 
marked blue, model data are marked red and the 
filter needs some time to engage on the beginning. 
 

R˜ 600m

driving direction 2

driving direction 1

 

Figure 17. Curved highway segment.  

The measurement duration is 20 s and the distance 
between the vehicles is 15 m. The measurement 
data show positive values for the curvature in a 
range of 0.00167 m-1. Hence the model output can 
be considered as correct.  

 

Figure 18.  Measurement results for curvature 
C0,CAM and C0,est. 
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Between 5 and 6 s the camera delivers wrong 
measurement values for the curvature. The street 
model compensates this and delivers correct values 
because the wrong measurement values are de-
tected by a gating function (not described in this 
paper) and are not feed into the street model.  
With the help of the curvature signal from the tar-
get vehicle and the implemented street model, a 
statement about the change of curvature is possible. 
The upper diagram in Figure 19 shows the curva-
ture signal in the target vehicle, the lower shows 
the model based curvature change. Here no refer-
ence value was available but an estimation can be 
done with Equation (23). Using the curvature in the 
target vehicle e.g. at 18 s (1.4·10-3 m-1) and the 
curvature in the ego-vehicle at 18 s (1.6·10-3 m-1) as 
well as the model based curvature change (1.3·10-5 
m-2) in Equation (23), the resulting distance is 
15.4 m, which is close to the distance between the 
trucks in the test (15 m). Hence the values for the 
curvature change can be considered as reliable.  

 

 

Figure 19.  Curvature signal of target vehicle 
(above) and estimated change of curvature (be-
low).  

As stated above, the knowledge about the position 
of the target vehicle in the IDIS lidar sensor coor-
dinate system can be used to determine a curvature 
C*

0. Figure 20 shows the results of this approach 
with the curvature calculated from the target vehi-
cle position (blue) and the curvature from the street 

model (red) for a test drive into direction 1 (nega-
tive curvature) with 80 kph and 30 m distance be-
tween the vehicles. 

 

Figure 20.  Results of the corrected curveature 
estimation.  

After the Kalman-Filter is engaged both curvatures 
show comparable values, delivering a redundant 
signal for the curvature which can be used later in 
the CM system development.  

Driving tests for the determination of 
the quality of GPS based distance meas-
urement 

Having checked the funciotnality of the models, in 
a next step the accuracy of the GPS and communi-
cation based positioning is investigated. Therefore 
the test drives on highways are examined as a first 
step. With the help of offline simulations per-
formed with the highway test data, the threshold 
values of the object detection algorithm are tuned.  
In order to give a statement about the quality of this 
approach for the detection of standing objects, test 
drives on ika’s test track with a static target vehicle 
are executed in a second step. The results of both 
experiments are presented in the following.  
     Highway tests – The following diagrams show 
the relative position of the target vehicle with re-
spect to the ego-vehicle as a function of time (red 
graphs are the measured data of the IDIS sensor 
and blue graphs show the communication based 
position data).  
The test drive depicted in Figure 21 shows an ap-
proaching maneuvre of the ego-vehicle towards the 
target vehicle with a starting distance of about 97 m 
and a relative velocity of about 7 kph. Examining 
both diagrams, the influence of GPS data updates 
can be seen (the graphs show a step). Furthermore, 
in the upper diagram a signal dropout at the time of 
11 s (blue graph) is remarkable. This is due to a 
short break down of the C2C, so that the GK coor-
dinates of the target vehicle are not updated. The 
lower diagram shows that a break down of the C2C 
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communication affects the lateral positioning not as 
much as the longitudinal position due to the higher 
velocity in longitudinal direction.  
In order to acquire robust data even if C2C breaks 
down, a further Kalman-Filter based vehicle model 
of the target vehicle could be implemented in the 
ego-vehicle. Thus, in case of communication break 
down, the position of the target vehicle could be 
estimated model based.  

 

 

Figure 21.  Relative localisation GPS- and IDIS 
based. 

If the dropout from communication break down is 
neglected, the maximum difference between IDIS- 
and communication data is -2.5 m (mean value: -
1.5 m) in longitudinal direction. For the lateral 
direction the positioning accuracy is less. At the 
time of 5 s the difference is -4.8 m.  
Figure 22 shows two diagrams for the relative posi-
tion of the target vehicle, too. Within this test a 
constant distance of 55 m between ego- and target 
vehicle was held. The positioning accuracy in lat-
eral direction (lower diagram) did not change in 
comparison to the measurement described above. 
In contrast, in longitudinal direction a larger differ-
ence is shown. The maximum difference between 
the IDIS- and the communication based signal is 
+6.9 m (mean value: +4.85 m).  
The result of the executed test drives is that the 
quality of the GPS based positioning is depending 

on various and hard to determine factors. For ex-
ample, 40 % of the test drives were executed hav-
ing a clear sky while 60 % of the test drives were 
executed when it was clouded. Within the experi-
ments with a clear sky (e.g. the test drive in Figure 
21) the measurement results are better than the 
experiments when it was cloudy (e.g. test drive in 
Figure 22) what can be caused by a better satellite 
reception. A further factor to the quality of the 
positioning accuracy is the current satellite constel-
lation (“bad geometry”) [7].  
Having analysed the measurement results for the 
test drives, two of five thresholds for the signal 
differences of the redundant signals are determined 
(distance in longitudinal/lateral direction). 
In order to determine the remaining three thresh-
olds (difference of velocity-, acceleration- and ve-
hicle width signal) further simulations are carried 
out. Therefore the recorded sensor signals are fed 
in the object detection algorithm and the thresholds 
are varied. The effects of the threshold variation is 
evaluated by the help of a tool that shows the re-
corded scene with a birds eye view (see Figure 23). 

 

 

Figure 22.  Relative localisation GPS- and IDIS 
based.  

Displayed signals are the estimated lane trajectory 
of the street model as well as the lane trajectory 
corrected with communication data from target 
vehicle (red and blue graph in Figure 23). The 
direction of the vehicle in lane is indicated by the 
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yellow line starting from the origin of the coordi-
nate system. Furthermore, the IDIS data (in Figure 
23 depicted as different symbols in the colours red 
and cyan) and the GPS and communication based 
position of the target vehicle (magenta coloured 
square) are displayed.  

 

Figure 23.  Tool for test drive evaluation.  

If a relevant target is detected by the algorithm, it is 
marked as a black square in the bird’s eye tool.  
The simulations are run with different threshold 
constellations and the effects are observed in the 
evaluation tool. With this process the thresholds are 
determined.  
One situation shown in Figure 24 could be critical 
for the determination of the target vehicle.  

 

Figure 24. Critical situation for data fusion.  

In this situation two vehicles with the identical 
width and velocity drive next to each other with the 
same distance towards the ego vehicle. The calcu-
lated position of the target vehicle differs from the 
position measured by the IDIS sensor. While the 
width, velocity, acceleration and the longitudinal 
distance of the two preceding vehicles is identical, 
the lateral position of the calculated point is differ-
ent. The lateral position is located closer to the 
vehicle driving in the left lane. If both vehicles are 
equipped with a communication system, they will 
transmit their lane numbers to the ego-vehicle. 
Thus, the vehicle driving in the left lane can be 
regarded as not relevant by the object detection and 
the correct vehicle will be found.  
     Tests with target vehicle standing still – These 
experiments are executed on the test track of ika 
and can indentify possible factors that influence the 
quality of the communication based detection and 

ranging. Therefore two experiments were carried 
out with 34 measurements on two different days 
under different weather conditions. The procedure 
is shown in Figure 25. 
 

 

Figure 25.  Experiment procedure.  

Within experiment 1 the ego-vehicle approaches 
with velocities of 20, 40, 50, 60, 70 and 75 kph to 
the rear of the target vehicle. The ego-vehicle 
avoids the collision at a very late moment by steer-
ing. In the second experiment the ego-vehicle ap-
proaches with velocities of 20, 40, 50, 60 and 
70 kph to the rear of the target vehicle, braking 
heavily at a late moment and comming to standstill 
behind the target vehicle.  
The upper diagram in Figure 26 shows the evalua-
tion of a test drive of the first experiment with a 
velocity of 50 kph. In this diagram the IDIS dis-
tance signal (red) and the calculated communica-
tion based distance (blue) are plotted as a function 
of the time. It is obvious that the IDIS sensor does 
not detect the target vehicle anymore starting from 
a distance of 20 m because the target passes out of 
the sensor detection range due to the emergency 
steering manoevre. In contrast, the GPS delivers 
distance information continuously. The difference 
between IDIS- and GPS based distance signal is 
almost constantly (7.5 m). If all test drives of ex-
periment 1 are considered it is noticeable that the 
difference in the distance signal changes with the 
relative velocity.  
In order to point out the influence of the relative 
velocity, the mean distance failure of different test 
drives for the two different test days is depicted in 
the lower diagram of Figure 26 as a function of the 
relative velocity.  
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Figure 26.  Measurement evaluation of experi-
ment 1 (above) and mean distance failure as a 
function of the relative velocity (below).  

Due to the seperated graphs of the tests it is obvi-
ous that the mean distance error of the first day is 
always larger than the error of day two. This error 
might be a result from different satellite constella-
tions and different weather conditions. Further-
more, the distance error rises with increasing rela-
tive velocity.  
Accordingly, the data of experiment 2 confirm the 
dependence of the quality of the communication 
based detection and ranging. Figure 27 shows the 
evaluation of the second test procedure with a start-
ing ego-vehicle velocity of 70 kph. The process of 
the velocity signal is given by the green line in 
Figure 27. If the velocity decreases, the distance 
failure decreases, too. This proves the relative ve-
locity dependency.  

 

Figure 27.  Measurement evaluation of experi-
ment 2. 

The applicability of this approach for the validation 
of objects standing still is hence depending of the 
occuring relative velocities. In the executed ex-
periments, the developed algorithm delivered 
promising results up to a relative velocity of 50 kph 
(day one) resp. 60 kph (day two). Above this rela-
tive velocities the developed algorithm was not 

able to deliver dependable results due to the high 
difference of calculated and IDIS positioning data.  

CONCLUSION 

The described system delivers robust input data for 
the development of collision warning (CW) and 
collision mitigation (CM) systems.  
Therefore a GPS-Tracking was implemented, de-
livering a higher update rate for the vehicle position 
in GK coordinates. With the use of C2C, the GK 
coordinates and further vehicle relevant data from 
the preceding vehicle are transferred to the follow-
ing vehicle. The run of the road trajectory is deter-
mined by ego-vehicle data and data from preceding 
vehicle also transmitted via C2C.  
The GK coordinates from the preceding vehicle are 
used to determine its relative position to the ego 
vehicle. These data are used together with further 
vehicle data for the determination of the relevant 
target out of the data from an IDIS Lidar sensor in 
order to get a robust detection of stationary targets.  
Within driving tests and simulations (data gained 
from these driving tests), the function of the detec-
tion system was tuned. It can be stated that the used 
concept with environmental sensors, GPS and C2C 
is generally suitable for the detection of stationary 
targets. On the other hand some limitations from 
the used setup and hardware must be mentioned. 
These limitations refer to the relative velocity be-
tween the stationary target and ego-vehicle. Within 
the tests a dependency of the relative velocity to the 
communication based position determination was 
found. Furthermore, the accuracy of GPS data is 
depending on the weather, number of satellites and 
satellite constellation. For future developments a 
DGPS system with higher accuracy should be used 
and a synchronisation of the C2C communication 
should be implemented.  
Further improvements could be achieved by im-
plementation of a bicycle model into the GPS-
tracking function and the determination of a refer-
ence velocity, weighting the signals from front and 
rear axle speed sensors during acceleration or brak-
ing.  
Despite the mentioned limitations, the presented 
concept was used within a CW- and CM system on 
the test track with promission results in [8] and we 
will continue the work on this topic in order to 
contribute to an accident reduction one day.  
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