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Abstract 
 

 
To facilitate the development and testing of new active safety systems a new Active 

Safety Test Area  (AstaZero) is currently developed by SP Technical Research Institute of 

Sweden and Chalmers University of Technology. We have studied different principles for 

positioning and autonomous control of vehicles, that can be used to monitor and 

coordinate realistic test scenarios at AstaZero.  Furthermore, we have studied how safety 

critical test scenarios for test and development of active safety systems can be setup based 

on the uncertainty in measurements. This has been done by simulating a close passing 

with crossing traffic scenario, which is a test scenario where one vehicle passes just in 

front of another vehicle. This particular scenario is considered to be one of the more 

safety critical scenarios and is a typical example of when it is desired to autonomously 

control the vehicles involved. From simulations we find that that if standard 

instrumentation is used such a test scenario can be set up with a distance between the 

vehicles of about 2.97 m tolerating one hit in one billion test.  If we instead use state of 

the art equipment we find that the distance between the vehicles can be decreased to 0.47 

m. 
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Förord / Preface 
 

SP and Chalmers are collaborating to create AstaZero (Active Safety Test Area). 

AstaZero is an arena for development and innovation within the field of  active safety for 

road vehicles. In order to become a leading international service provider, it is not only 

required that AstaZero has a test site of world class, it is also necessary to have resources 

for research, development and evaluation work. 

 

Chalmers has allocated funds for strategic research in transportation. This Research 

should include collaboration with research institutes.  

 

This pilot study focuses on two areas. Each area has its own objectives: 

 

The area "Research Infrastructure" aims to: 

- Describe competences and research areas at Chalmers which are of relevance to 

AstaZero  

- Identify which work within SAFER that is of most relevance to AstaZero 

- Establish a cooperation between various research groups 

- Identify additional areas where SP and Chalmers need to collaborate in order to 

build competences that are necessary for AstaZero 

The area "Targets” aims to: 

- Establish a cooperation between various research groups, and between research 

groups and the automotive industry. 

- Choose principles and investigate what equipment is needed for positioning of 

the test track. 

- Determine the accuracy and repeatability with which traffic scenarios can be 

created. 

- Submit a plan for how targets and dummies should be developed at AstaZero 

 

 

This report summarizes the results from the area "Targets” . The work was financed 

with funds from strategic research in transportation and co-funding from SP. 
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Sammanfattning / Summary 
 

För att underlätta utveckling och testning utav nya aktiva säkerhetssystem samverkar SP 

och Chalmers för att skapa AstaZero (Active Safety Test Area). AstaZero är en miljö för 

utveckling och innovation kring aktiv säkerhet i vägfordon som är specifikt designad för 

att kunna genomföra realistiska tester. Vi har studerat olika principer för positionering 

och autonom kontroll av fordon för att se vilken utrustning som i dagsläget skulle kunna 

användas för att koordinera testscenarion med flera fordon och mål.  Vi har även studerat 

hur säkerhetskritiska testscenarion för test och utveckling utav aktiva säkerhetssystem 

kan sättas upp, och hur precisionen i dessa påverkas utifrån ett mätosäkerhetsperspektiv. 

Detta har gjorts genom att simulera ett ”close passing with crossing traffic scenario”, som 

är ett testscenario där ett korsande fordon passerar precis framför ett annat fordon. Detta 

testscenario anses vara ett av de mer säkerhetskritiska scenarierna och är ett typisk 

exempel på när det skulle vara önskvärt att autonomt kunna kontrollera de inblandade 

fordonen. Från simuleringar finner vi att om standardinstrumentering används kan ett 

testscenario av den här typen sättas upp så att bilarna passerar varandra med ett avstånd 

av 2.97 m om vi kan tolerera att sannolikheten för att bilarna kolliderar är en på 

miljarden. Om vi istället använder state of the art instrumentering finner vi att avståndet 

mellan fordonen kan minskas till 0,47 m: 
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1 Introduction 
 

During the last decade, the safety work within the automotive industry has shifted focus 

from passive safety towards active safety. This means that instead of just trying to reduce 

the injuries in an accident, many of the newer vehicles are today equipped with Advanced 

Driver Assistance Systems (ADAS) that assist the driver in dangerous situations and in 

some cases even takes control over the vehicle to prevent an accident. Examples of such 

systems are Collision Mitigation by Braking (CMbB), Forward Collision Warning 

(FCW), Lane Departure Warning (LDW) and Lane Keeping Assistance (LKA).   

 

Even if much of the work with developing and testing these new systems can be 

performed virtually, there is still an extensive need for testing the overall system in a real 

environment [1]. To facilitate the development and testing of new active safety systems a 

new Active Safety Test Area  (AstaZero) is currently developed by SP Technical 

Research Institute of Sweden and Chalmers University of Technology. AstaZero will be 

an international arena for research and development in active safety, joining industry, 

universities and research institutes around a test area specifically designed to provide an 

environment where realistic test scenarios can be performed. 

 

To be able to efficiently  perform  test scenarios that resembles real traffic situations, a 

good infrastructure for positioning and timing is necessary at AstaZero. This  

infrastructure is necessary for coordination of scenarios which involves many vehicles, or 

other targets in form of pedestrians, cyclists and wild life. These targets and vehicles need 

to be precisely controlled and positioned in relation to the vehicle under test. Another 

reason that is very important is that many active safety system are designed to assist the 

driver in dangerous situations. This means that they sometimes need to be tested in near 

crash situations where it due to safety reasons is desired to autonomously control two 

vehicles in regards to each other, and as can be understood good position information is 

here crucial.  

 

The focus of this study is to investigate different principles for positioning , and what 

equipment that is needed for positioning at AstaZero. This includes market research to 

investigate possible options for instrumentation and control systems. It also includes work 

with setting up simulations to investigate the precision that can be achieved in a test 

scenario using both commercially available standard and state of the art instrumentation. 

 

In Chapter 2 a summary of available measurement equipment, control systems and targets 

are presented. Chapter 3 gives an overview of typical test scenarios for testing of active 

safety systems. Chapter 4 contains an introduction to longitudinal vehicle modelling. In 

Chapter 5 and Chapter 6 simulations from a close passing with crossing traffic scenario 

are presented.  
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2 Analysis of available commercial and 

research equipment 
 

2.1 Measurement equipment 
Measurement systems are mainly used to determine the positions, velocities, 

accelerations and rotations of test vehicles and targets. This information is needed for the 

precise control of different test scenarios.  Additionally, this information is used to verify 

that the tests have been correctly performed. Besides this basic information dealing with 

the movement of vehicles, other interesting information may be logged during the tests of 

active safety systems. For example, driver inputs to the car (pedal positions and forces as 

well as steering wheel position and torque) and car outputs to the driver (visual, acoustic 

and haptic (tactile) warning signals). Sometimes this information can be tapped from the 

CAN bus of the vehicle, and sometimes separate sensors needs to be mounted. 

The most common way of determining position and speed is to use systems based on 

signals from GPS satellites. Augmented with an IMU (inertial measurement unit), a 

satellite-based measurement system can present almost all necessary information used at 

testing of active safety systems.  Speed over ground can be measured with a number of 

different techniques, e.g. laser and radar.   

 

Satellite based 

The position (and speed and acceleration when the receiver is moving) of the receiver (or 

antenna to be precise) is determined by “triangulation” of the distances computed from 

the received signals from three or more satellites. Differential techniques (where errors 

are corrected by using information from a stationary base station with known location), 

signals from GLONASS satellites and measurements on the carrier frequency phase 

(instead of the pseudo-random code itself) are techniques which are used to improve the 

accuracy. RTK (real-time kinematic) combines a base station with carrier frequency 

phase measurement which provides a position accuracy of less than a few centimeters. 
 

Table 1 Examples of GPS-based positioning measurement systems 

Manufacturer Model Position 

accuracy 

[cm] 

Speed 

accuracy 

[km/h] 

Update 

rate 

[Hz] 

Misc 

Oxford Technical 

Solutions1 

RT4002 2 0.05 

RMS 

250 IMU built in 

RS232, Ethernet, CAN 

Oxford Technical 

Solutions1 

RT3002 2 0.05 

RMS 

100 IMU built in 

RS232, Ethernet, CAN 

Racelogic2 VBOX 3i 

R10G10 

2 0.1 100 IMU as separate component 

RS232, USB, Bluetooth, CAN 

Trimble3 SPS461 1 + 1 ppm - 20 No IMU 

RS232, Bluetooth, Ethernet 

Javad4 Alpha 1 + 1 ppm - 100 No IMU 

RS232, USB, Bluetooth 

Novaltel5 SPAN 1 + 1 ppm - ? IMU as separate component 

RS232, USB, Ethernet 

Corrsys-Datron 

Sensorsysteme6 

CDS-GPS 300 0.1 100 USB, Ethernet 

Dewetron7 DEWE-

VGPS-HS 

40 0.1 50 RS232, USB 

1http://www.oxts.com 
2http://www.racelogic.co.uk 
3http://www.trimble.com 
4http://www.javad.com 
5http://www.novatel.com 
6http://www.corrsys-datron.com/ 
7http://www.dewetron.com 

 

A few examples of GPS-based measurement systems are given in Table 1. Most systems 

have cm and dm/h position and speed accuracy, respectively. 100 Hz is a common update 
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rate, and some of them have an internal or external IMU. Several solutions for interfacing 

the measurement systems are present, e.g. RS232 or Ethernet. 

Laser based 

Laser-based systems can be used to determine speed and distance. 

The Philips speed over ground (SPoG) 

sensor1 uses laser doppler self-mixing 

interferometry to measure speed at a very 

high rate (1250 Hz) at 0.5% accuracy.  

 

 
The LUX laser scanner2 from Ibeo can be 

used for distance measurements up to 200 

m. The update rate is 50 Hz and the 

accuracy, which is distant independent, is 

10 cm. 

 

 
1http://www.lasersensors.philips.com 
2http://www.ibeo-as.com 

 

Optical 

The Correvit S-HR sensor1 from 

CORRSYS DATRON measures speeds 

from 0.5 to 250 km/h with 0.2% accuracy 

at 250 Hz. 

 

 
1http://www.corrsys-datron.com 

 

Radar/Microwave based 

The Microstar sensor1 from CORRSYS 

DATRON uses the radar-doppler effect to 

measure speeds from 0.5 to 400 km/h with 

0.5% accuracy at 250 Hz. The sensor can 

be interfaced via RS232, CAN or USB. 

 

 
The GSS25 sensor2 from PEGASEM 

Messtechnik uses radar-doppler 

technology to measure speeds from 0.1 to 

300 km/h with 0.5% accuracy. The speed 

measurement is pitch compensated. 

 
1http://www.corrsys-datron.com 
2http://www.pegasem.com 
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Electro-mechanical 

The WSS4 wheel speed sensor1 from 

PAGASEM is mounted on the wheel and 

count up to 1024 pulses per revolution. 

The sensor has a RS232 serial interface. 

 
The 5W-20 fifth wheel speed sensor from 

PAGASEM is mounted on the test vehicle 

and count 128 pulses per revolution. 

 
The WPT wheel speed sensor2 from 

CORRSYS DATRON is mounted on the 

wheel and count 100 pulses per revolution. 

 
1http://www.pegasem.com 
2http://www.corrsys-datron.com 
 

Terrain-based 

Research is on-going [2] where GPS free localization is the goal. For example a test track 

is characterized by measuring the road pitch around the entire track. During tests this pre-

measured pitch map is used to estimate the position of the test vehicle. 

 
Figure 1 Example of pitch measurement around a test track [2] 
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2.2 Control equipment 
Many test scenarios require precise and accurate control of the trajectory of the test 

vehicle and a possible target (vehicle or pedestrian). Additionally the reproducibility of 

tests is very important. As a consequence, there are commercially available robots which 

can control the steering wheel, accelerator pedal, clutch pedal and gear stick.  

 

Some steering wheel robots can be mounted without removing the airbag while others are 

more intrusive. Some of the steering robots can produce steering inputs which exceed the 

capabilities of human drivers. There is a broad range of steering robots available which 

have different level of torque and speed (°/s). 

 

The SR15 steering robot1 from ABD can 

generate 30 Nm continuous torque at 

1000°/s or 7 Nm at 2350°/s. It is suitable 

for ADAS testing where torque 

requirements are moderate. 

 

 
The SR30 steering robot1 from ABD can 

generate 30 Nm continuous torque at 

1000°/s or 7 Nm at 2350°/s. 

 
The SR60 steering robot1 from ABD can 

generate 60 Nm continuous torque at 

580°/s or 24 Nm at 2500°/s. 

 
The SR150 steering robot1 from ABD can 

generate 150 Nm continuous torque at 

500°/s or a lower torque at 1000°/s. 

 
The FER 101 steering robot2 from RMS 

Dynamic Test Systems can generate 20 

Nm continuous torque and 2000°/s at no 

load. 
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The CS1200 steering robot3 of  VEHICO 

can generate up to 60 Nm of torque at 

1200°/s 

 
Dynamic Research Inc.4 (DRI) has a 

steering robot as a part of their Automatic 

Vehicle Controllers system. No 

information regarding its capabilities are 

presented at their web site. 

 
1http://www.abd.uk.com 
2http://rms-testsystems.de 
3http://www.vehico.de 
4http://www.dynres.com/ 

 

Robots can be mounted which control the action of brake, accelerator and clutch pedals. 

Most robot mountings accommodate normal pedal use while mounted. 

The BR1000 brake robot1 from ABD has a 

peak force of 1400 N and a maximum no-

load velocity of 800 mm/s. Typical values 

are 700 mm/s at 400 N. 

 
The BR1000-HS brake robot1 from ABD 

has a peak force of 1400 N and a 

maximum no-load velocity of 1600 mm/s.  

 
The AR accelerator pedal robot1 from 

ABD provides closed loop position control 

of the throttle and can be set up to provide 

closed loop vehicle speed control. 

 
The CO.ACT pedal actuators

2
 from 

VEHICO has maximum operational force 

of 800 N and a maximum operational 

speed of 1500 mm/s. The pedal operator 

can be interfaced via RS232, CAN and 

Ethernet. 
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The CO.ACT Failsafe Emergency Brake 

System2 from VEHICO provides an 

independent (own energy storage) way of 

bringing the vehicle to a halt during e.g. 

driverless testing. 

 
The pedals robot (part of DREAMS 02.13) 

from Control Sistem can actuate the 

accelerator, brake, and clutch pedals with 

100 N, 250 N, and 250 N, respectively. 

 
1http://www.abd.uk.com 
2http://www.vehico.de 
3http://www.controlsistem.it 

 

To be able to test cars equipped with manual gear box there are gear change robots 

available. 

The Gearchange robot1 of ABD is 

coordinated with the clutch and throttle 

robots to perform smooth gear transitions. 

 
The Gearchange robot2 from VEHICO 

performs the gear shift in less than 800 ms. 

 

The gear shift robot (part of DREAMS 

02.13) from Control Sistem can actuate 

with 100 N in all directions. 

 
1http://www.abd.uk.com 
2http://www.vehico.de 
3http://www.controlsistem.it 

 

If a complete set of control robots are used together with remote control, driverless testing 

can be performed with one or several vehicles. Driverless testing can be used in test 
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scenarios which are too dangerous (e.g. high speeds and misuse) or too tedious for the test 

driver (endurance tests). 

If the standard robots of ABD1 is 

complemented with a redundant safety 

system (brake), a base station, 

telemetry and a safe test track, 

driverless testing can be performed 

with two vehicles. The vehicles uses 

path-following guided by RTK GPS 

data. 

 
The CO.SYNC system2 of VEHICO 

provides autonomous driving of 

multiple vehicles. The positions and 

speeds of the involved vehicles are 

synchronized wirelessly in a special 

synchronization unit. 

 
The control robots of DRI3 can be 

complemented with a remote unit to 

facilitate driverless testing of a single 

vehicle. 

 
1http://www.abd.uk.com 
2http://www.vehico.de 
3http://www.dynres.com/ 
 

2.3 Targets 
To be able to perform non-destructive tests and protect the test driver, soft and/or light 

targets are needed. To be able to be detected by the sensor(s) of the active safety systems, 

the target must have similar characteristics as a conventional car or person (in terms of 

e.g. radar-cross-section or visual appearance). In their simplest form, the targets are 

stationary, but in order to test more complex scenarios the targets must be movable or 

even self-propelled. 

  

2.3.1 Stationary 
The stationary targets are the least complex and are usually made of plastic, either as a 

balloon or made of foam. Plastic targets cannot be detected by radar sensors. As a 

consequence these kind of targets need to be equipped with e.g. silver tape, metal foil or 

radar reflectors to make them detectable. Since the balloon targets are inflatable they are 

fairly easy to transport.  
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Figure 2 Examples of balloon targets (Helly Hansen, unknown and NHTSA-CAMP-CIBx2), 

foam targets (IDIADA, SP and NHTSA-CAMP-CIBx2) and a foldable radar reflector target 

(NHTSA-CAMP-CIB). 
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2.3.2 Movable 
 

Many scenarios require the target to move. The timing, position, speed and acceleration 

of the target must be accurately controlled. Therefore, the target must be guided by a 

support vehicle (which is controlled by robots) or a ropeway. The support vehicle either 

tow the target, or propel it using an outrigger. 

 

 

Radar reflectors mounted on a 

outrigger on the IDIADA support 

vehicle. The target can handle 

collisions at speed differences up to 40 

km/h. 

 
 

Radar reflectors mounted on a 

outrigger on the support vehicle. 

(NHTSA-CAMP –CIB) 

 
Target mounted on a outrigger on the 

IKA support vehicle.  

 
 

Optical target mounted on a outrigger 

on the IDIADA support vehicle. The 

target can handle collisions at speed 

differences up to 40 km/h. The target is 

loaded by springs and the target swings 

forward when being crashed into. 

 

 
Balloon target mounted on a outrigger 

on the support vehicle. (NHTSA-

CAMP –CIB) 

 
Balloon target mounted on a outrigger 

on the support vehicle. (NHTSA-

CAMP –CIB) 
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Rear-end mock-up towed by the target 

vehicle. The target is able to absorb 

impacts where the differential speed is 

up to 15 km/h without sustaining 

permanent damage. (NHTSA-CAMP –

CIB) 

 

 

The rib-balloon DART is towed by a 

support vehicle. The target can sustain 

a collision of speed up to a delta 

velocity of 60 km/h. 

 
The rib-balloon DART is towed by a 

support vehicle. The target can sustain 

a collision of speed up to a delta 

velocity of 50 km/h. 

   
The ADAC target is a static and 

dynamic mock vehicle. The target 

meets all requirements of vehicles 

equipped with radar and laser sensors 

as well as video cameras. The target 

simulates the radar reflection properties 

of a real vehicle and its silhouette 

resemble that of a real vehicle so that 

the camera systems would recognise it. 

The ADAC target can either be used as 

a stationary object or slid back and 

forth on a sophisticated rail system. 

The mock vehicle is pulled by a 

support vehicle. In a collision, it slides 

forward on the rails while reducing 

impact forces significantly 

 

The EVITA target is the result of 

research performed by TU Darmstadt 

and Honda. The target is not design to 

be impacted; instead the target is 

“reeled in” when the distance (obtained 

with a radar sensor mounted on the 

target) between the test vehicle and 

target becomes too short. The target 

can brake with 0.9g and the delta 

velocity during a trial cannot be larger 

than 50 km/h. 
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The b.rabbit target from Bertrand can 

be towed at speeds up to 100 km/h. The 

target can be released from the support 

vehicle and then it can brake at 0.9g. 

The target can sustain a collision of 

speed up to a delta velocity of 50 km/h.  

 
A ropeway is used to move a car 

balloon target. Only straight line 

movement is possible. (NHTSA-

CAMP-CIB) 

 
A ropeway is used to move a 

pedestrian foam target. Only straight 

line movement is possible. (NHTSA-

CAMP-CIB) 

 
A ropeway is used to move a 

pedestrian target. Only straight line 

movement is possible. (NHTSA-

CAMP-CIB) 

 
The pedestrian guided soft target from 

DRI uses a ground-based ropeway to 

propel the target. The actual target is 

inflatable and can reach a top speed of 

10 miles/h with an acceleration of 0.3g. 

Only straight line movement is 

possible. 
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A ropeway is used to move a car foam 

target. Only straight line movement is 

possible. (IDIADA) 

 
A ropeway is used to move a 

pedestrian target. Only straight line 

movement is possible. Legs move 

“naturally”. (IDIADA) 

 
  

 

 

2.3.2.1 Self-propelled 
 

 

The soft crash vehicle from ABD 

consists of a drive box and inflatable 

cushions. The soft crash vehicle can be 

used (path following) together with the 

driverless testing equipment. The target 

weighs 220 kg (without cushions) and 

can reach a top speed of 65 km/h at an 

acceleration of 0.2g. The target is 

propelled by an electric motor. 
 

The ASSESSOR is the target vehicle 

developed in the ASSESS project. The 

target has inflatable cushions to protect 

the drive unit. It has a naturalistic radar 

signature and it is equipped with rear 

lights. 

 
The guided soft target (GST) from DRI 

consist of a low profile robot vehicle 

(LPRV) (which can be overrun by the 

test vehicle) and a foam car. The LPRV 

weighs 260 kg and the foam car 60 kg. 

The target can reach a top speed of 70 

km/h at an acceleration of 0.3g. The 

target can brake with 0.6g. The target is 

propelled by an electric motor.  
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The Ultraflat Overrunnable target 

(UFO) target from DSD/VSI weighs 

100 kg and has a top speed of 70 km/h. 

The target is propelled by an electric 

motor. 
 

The robot vehicle at the test facilities of 

AUTOLIV has an aluminum chassis 

protected by a rib on which a balloon 

can be attached. The target is propelled 

by an electrical motor and the target 

follows the path of the guiding plastic 

rail on the ground. The movement of 

the target can be synchronized with the 

test vehicle via WIFI.  

The IDIADA support vehicle can be 

protected by mounting surrounding 

cushions. This target can be used in 

lateral scenarios where the lateral delta 

velocity is low. 

 
The moving bases are parts of the TNO 

VeHIL test equipment. In the VEHIL, 

the test vehicle is stationary on a roller 

bench and the moving bases simulate a 

specific traffic scenario. 
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3 Active Safety Test Scenarios 
 

There are a number of more or less established test scenarios for testing of stability-

related active safety systems; most notable -split braking (to evaluate stability during 

braking) and sine-with-dwell (to evaluate oversteer mitigation/prevention). Work to 

define scenarios where another road user (vehicle or pedestrian) has been conducted or is 

on-going in several international initiatives and research projects. Most of them are 

dealing with longitudinal scenarios where forward collision warning and autonomous 

emergency braking systems would potentially be activated. 

 

3.1 Longitudinal scenarios 
 

3.1.1 ASSESS 
 

Based on analysis of accident data and injury cost, the ASSESS project [3] has e.g. 

proposed a number of different rear-end test scenarios, see Figure 3. Scenarios are 

grouped according to the movement of the target vehicle; whether it is stationary, moving 

at a constant lower speed or braking (decelerating).  Initial speeds, striking offsets and 

driver behaviour are defined. Besides the rear-end scenarios, ASSESS also proposes a 

number of junction, on-coming and cut-in scenarios. Scenarios involving pedestrians has 

not been considered by the ASSESS project. 

 

 
Figure 3 The ASSESS rear-end longitudinal scenarios 

 

 

 

 



24 

 

 

3.1.2 AEB 
 

The AEB initiative [4] has proposed a number of scenarios relevant for testing of vehicles 

equipped with autonomous emergency braking systems. The proposed scenarios consider 

both vehicle and pedestrian targets. So far, no information on initial speeds, offsets and 

driver behaviour have been released from the initiative. 

 
Figure 4 Rear-end scenarios proposed by the AEB initiative 

 

3.1.3 vFSS 
 

vFSS (vorausschauende Frontschutzsysteme) [5] is a German initiative which is looking 

into testing of forward collision warning and autonomous emergency braking systems. 

Scenarios have not yet been published. 

 

3.1.4 eVALUE 
 

The scenarios proposed by the eVALUE project [6] have much in common with those 

proposed by ASSESS. The majority is rear-end scenarios where the target vehicle is 

stationary, braking or moving at a slower speed than the test vehicle. Different driver 

models and road topologies (straight and curved) are considered. An additional junction 

scenario is proposed where the target vehicle is crossing the path of the test vehicle. 
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Initial speeds and deceleration values are presented as well as specification of the 

different driver models (reaction time and brake pedal force).  

 

 

 
Figure 5 Longitudinal scenarios proposed by the eVALUE project 

 

3.1.5 NHTSA NCAP 
 

NHTSA has defined a few longitudinal scenarios which shall be used during NCAP 

confirmation tests [7] of forward collision warning systems (FCWs). The scenarios are 

shown in Figure 6 below. Initial speeds, headway, and deceleration are specified. 

 

 

 
Figure 6 Longitudinal scenarios for testing of FCW according to NHTSA NCAP 

 

3.1.6 IVBSS Crash Imminent Test Scenarios 
 

Based on US accident data, the IVBSS project [8] identified a number of crash imminent 

test scenarios to be used when evaluating active safety systems. The chosen rear-end 

scenarios are presented in Figure 7. Speeds are specified. 

 

 
Figure 7 IVBSS recommended rear-end crash imminent test scenarios 
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3.2 Lateral scenarios 
 

3.2.1 eVALUE 
 

The eVALUE project [6] has proposed a few lane departure/change test scenarios. Initial 

speeds and road topologies are specified. 

 

 

 

Figure 8 Lateral scenarios proposed by the eVALUE project 

3.2.2 NHTSA NCAP 
 

NHTSA has defined a few lateral scenarios which shall be used during NCAP 

confirmation tests [9] of lane departure warning systems (LDWs). The scenarios are 

shown in Figure 6 below. Initial speed, yaw rate, and lateral speed are specified. 

 
Figure 9 Longitudinal scenarios for testing of LDW according to NHTSA NCAP 

 

 

3.2.3 IVBSS Crash Imminent Test Scenarios 
 

Based on US accident data, the IVBSS project [8] identified a number of crash imminent 

test scenarios to be used when evaluating active safety systems. The chosen lane change 

scenarios are presented in Figure 10. Speeds are specified. 
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Figure 10 IVBSS recommended lane change crash imminent test scenarios 
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4 Overview Longitudinal Vehicle Modelling 
 

Below is an example of a longitudinal vehicle model. This model is from the book 

Vehicle Dynamics and Control by R. Rajamani and provides a good overview of which 

factors that affects the dynamics of a vehicle in the longitudinal domain [10].  

 

In Figure 11, the external forces acting on a vehicle driving on a plane inclined with the 

angle θ can be seen. These external forces include aerodynamic drag forces, gravitational 

forces, rolling resistance forces and longitudinal tire forces due to braking and 

acceleration. 

 
Figure 11 Longitudinal forces on a vehicle (source: Vehicle Dynamics and Control, R. 

Rajamani) 

 

Using Newton’s second law the following motion equation can be formed along the 

vehicle longitudinal axis (x-axis). 

 

 

 

where 

    is the equivalent longitudinal aerodynamic drag force  

  and  are the forces due to rolling resistance at the front and rear tires 

  and  are the longitudinal tire forces at the front and rear tires 

   is the mass of the vehicle 

   is the gravitational constant 

 

The aerodynamic drag force acting on a vehicle can be described by the following 

equation. 

 

where  is the air mass density,  is the aerodynamic drag coefficient,  is the frontal 

area of the vehicle, is the longitudinal vehicle velocity and is the wind velocity. 
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The rolling resistance forces are commonly modelled as being proportional to the normal 

forces Fzf and Fzr acting on each set of tires. 

 

 

 

where the proportionality constant f is called the rolling resistance coefficient.  For a 

passenger car with radial tires a typical value of f is 0.015.  

 

In the motion equation above, the longitudinal tire forces Fxf and Fxr are the primary 

forces that help the vehicle move forward.  As these forces depend on the difference 

between the vehicle longitudinal velocity and the rotational velocity of the wheels, the 

driveline dynamics which highly influences the rotational velocity of the wheels is an 

important aspect in longitudinal vehicle modelling. The main parts of a typical driveline 

can be seen in Figure 12. In Figure 13 it can be seen how the engine power and the wheel 

load propagates in the drivetrain. For a more detailed description of the longitudinal 

vehicle dynamics and the vehicle driveline please see [10]. 

 

 

 
Figure 12 Driveline components in a rear wheel drive vehicle (source: Vehicle Dynamics and 

Control, R. Rajamani) 

 
 
 
 
 
 
 
 
 
 

 

 
Figure 13 Power flow and load in vehicle drive train (source: Vehicle Dynamics and Control, 

R. Rajamani) 

 

Another model covering vehicle dynamics as well as drive line dynamics is the non-linear 

Sommerville-Hatipoglu model described in [11]. As models like the ones described above 

tend to be rather complex it is common to use simplified models as in [11], [12] when 

doing simulations or controller design. Hence, simplified models are also used in this 

report. More details about the actual models used will be given in the simulations 

chapters. 

Engine Torque 

Converter Transmission Wheels 

 

Power 

 

Load 
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5 Basic simulations 
 

In this study we have focused on a type of scenario called a close passing with crossing 

traffic scenario, which is similar to the eVALUE junction scenario shown in section 3.1.4. 

This type of scenario is considered to be one of the more safety critical test scenarios by 

[1], and is a typical example of a scenario where it is desired to autonomously control the 

vehicles with a very challenging precision and accuracy.  

 

The specifications of the close passing with crossing traffic scenario that is simulated in 

this section can be seen in Figure 14. It is here assumed that Vehicle B starts from a 

distance DB=200 m with a velocity VB=30 km/h and travels with this constant velocity 

independently of what Vehicle A does. Vehicle A starts from a distance DA=400 m, with 

a velocity, VA=60 km/h. Velocity measurements and/or position measurements are made 

on Vehicle A. These measurements are then used to control vehicle A with the aim of 

hitting or just passing vehicle B in point C.   

 

 
 

Figure 14 close passing with crossing traffic scenario where the vehicles hit each other in 

point C 

 

The continuation of this chapter shows simulations and results from three different cases 

of this scenario. 

 

Case 1 -  Vehicle A is only equipped with an independent speed sensor, as for  

example the vehicle internal speed sensor 

 

Case 2 -  Vehicle A is equipped with a sensor that provides correlated position and  

speed measurements, which for example would be representative for the 

case when GPS is used as both a position and speed sensor 

 

Case 3 -  Vehicle A is equipped with a position sensor (e.g. GPS) and an  

independent speed sensor (e.g. Vehicle internal speed sensor). This 

means the simulation is set up so that we have uncorrelated speed and 

position measurements. 
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5.1 Case 1 
 

5.1.1 Simulation method 
 

Initial State: 

Assume that the true state of Vehicle A at time t=0 is: 

          

         

And that the true state of vehicle B at time t=0 is: 

          

          

 

Simulation cycle: 

The true position and velocity for each time point is then simulation calculated as the 

upper half of the simulation cycle in Figure 15 shows. Where Δt is the time interval 

between each update of the true and measured position. The only difference is that for 

vehicle B the velocity is kept constant throughout the whole simulation. 

 

 

 

 

Figure 15 simulation cycle for Case 1 

 

Measurement: 

For vehicle A, a measured position  ,and velocity  is also calculated for each time 

point by simulating a velocity measurement as the true velocity plus some measurement 

noise. The applied measurement noise can be either a constant measurement bias or white 

noise. 

 

Control: 

Vehicle A also has a control system with main task to regulate the velocity of vehicle A 

so that it ends up at point C at the same time as Vehicle B. This means that for each time 

point the vehicle control system calculates a velocity correction  that should be 

applied to the velocity of vehicle A in order to get to point C at the same time as Vehicle 

B. This is done by first calculating the desired velocity of Vehicle A, and from that 

calculating the velocity change ΔVk that should be applied to the vehicle by the control 

system: 
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As can be seen it is here assumed that the velocity change of the vehicle is instant. 

However there is a restriction on a maximum velocity change of 1 km/h per   

 

Final condition: 

The simulation runs until Vehicle B’s distance,  ,to Point C is less than +10-10 meters. 

When this condition is fulfilled the true and measured distances (  ,  and  ) to 

point C are studied for both vehicles.  

 

 

5.1.2 Results 
 

In this section Scenario 1’s simulation results are presented for different noise types, 

variations of start distance and sample rates.  

 

White noise: 

In Figure 16 the results from a simulation where the applied velocity measurement noise 

is white noise with σ = 0.4 km/h is shown. The sample rate is 50 Hz, i.e. Δt=0.02 seconds. 

In the left part of the figure, which shows one realization, it can be seen how Vehicle B 

and Vehicle A starts at a distance of 200 and 400 meters away and then after 

approximately 25 seconds both arrive in the vicinity of point C.  The lower left figure 

shows the true and measured velocity for Vehicle A and the true Velocity for Vehicle B. 

In the right part of the figure the true and measured distance errors at the end of the 

simulation can be seen for 1000 realizations. As can be seen Vehicle B always ends up at 

point C at the end of the simulation, this is also valid for the measured position of Vehicle 

A. However, it can be seen that the true position of Vehicle A deviates with an RMS of 

0.083 m.   

 

 

Figure 16 Distance and velocity for the vehicles during one realization of Case 1 (left) and 

distance error for 1000 realizations (right).  Applied velocity measurement noise is white 

noise with σ = 0.4 km/h 
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Constant bias: 

In Figure 17 the same thing as in Figure 16 is shown, the only difference is that here the 

simulations has been run with a constant velocity measurement bias of 0.4 km/h. This can 

be seen in the lower left part of the figure where we can see that there is a small but 

constant offset between the true and measured velocity for Vehicle A. To the right, again 

1000 realizations are shown, and as can be seen the true position of Vehicle A deviates 

with about 2.67 m from point C for all 1000 realizations. 

 

Figure 17 Distance and velocity for the vehicles during one realization of Case 1 (left) and 

distance error for 1000 realizations (right). Applied velocity measurement noise is a constant 

bias of 0.4 km/h. 

 

Parameter sensitivity: 

 

Figure 18 shows a parameters sensitivity test where the three parameters velocity 

measurement noise, sample frequency and start distance are varied one at a time. 

In the upper part of the figure it can be seen how the RMS deviation varies as different 

amounts of white velocity measurement noise is applied. This is done while keeping the 

sample rate and start distance constant at 50 Hz and 400 meters, respectively. In the 

middle part of the figure it is shown how the RMS deviation varies with sample 

frequency and in the lower part of the figure it can be seen how it varies with start 

distance. While varying sample frequency and start distance the velocity measurement 

noise was set to white noise with a sigma of 0.4 km/h. The figure shows that the start 

distance needs to be considered when only using a speed sensor.  
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Figure 18 RMS deviation as a function of velocity measurement noise (upper), sample 

frequency (middle) and start distance (lower) 
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5.2 Case 2 
 

5.2.1 Simulation method 
 

Initial conditions: 

In Case 2 we have the same initial conditions as for Case 1.  

 

Simulation cycle: 

The simulation cycle for Case 2 can be seen in Figure 19. As can be seen it slightly 

different from the simulation cycle in Case 1. For example there is a minor difference in 

how the true position is updated, as the true velocity from the last time step is here used to 

calculate the new position, but the major difference is in how the measurements are 

simulated. It is still assumed that vehicle B’s velocity is kept constant throughout the 

whole simulation. 

 

 

 
 

Figure 19 Simulation cycle for Case 2 

 

Measurement: 

For vehicle A, a measured position  , and velocity  is calculated for each time point 

by simulating a position measurement as the true position plus some measurement noise. 

As this scenario simulates the case of a correlated position and velocity measurements the 

velocity measurement  is calculated from the current and previous position 

measurement. When simulating the measured velocity in this way it is important that the 

position measurement noise is fairly correlated in time, because if not the measured 

velocity will be extremely noisy Therefore, the measurement noise applied to the position 

is here a small white noise component superimposed on a constant bias.  

 

Control: 

The velocity change  is calculated in exactly the same way as for Case 1. The only 

difference is the way it is applied in the simulation cycle. 

 

Final condition: 

The termination criteria for the simulations in Case 2 is exactly the same as for Case 1. 
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5.2.2 Results 
 

In Figure 20 the results from a simulation where the applied measurement noise is 

position measurement noise of 0.2 m. This position measurement noise is separated so 

that 95/100 of this is set as a constant bias error and the remaining part is white noise with 

σ= 5/100*0.2 m that is superimposed on the constant bias.  In the right part of the figure 

the true and measured distance errors at the end of the simulation can be seen for 1000 

realizations.  The RMS deviation of the true position for vehicle A is 0.191 m. 

  

Figure 20 Distance and velocity for the vehicles during one realization of Case 2 (left) and 

distance error for 1000 realizations (right).  Applied position measurement noise is 0.2 m 

separated into a constant bias part and a white noise part. 

 

Parameter sensitivity: 

Figure 21 shows a parameters sensitivity test where the three parameters position noise, 

sample frequency and start distance are varied one at a time. The start values are the same 

as for the simulation shown in Figure 10. By looking at the lower part of Figure 21 it can 

be seen that the start distance is of minor importance when the vehicle is equipped with a 

position sensor.  
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Figure 21 RMS deviation as a function of velocity measurement noise (upper), sample 

frequency (middle) and start distance (lower) 
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5.3 Case 3 
 

5.3.1 Simulation method 
 

Initial conditions: 

In Case 3 we have the same initial conditions as for Case 1 and Case 2.  

 

Simulation cycle: 

The simulation cycle for Case 3 is very similar to the one in Case 2. The only difference 

is how the measurements are simulated.  

 

 

 

 
 

Figure 22  Simulation cycle for Case 3 

 

Measurement: 

For vehicle A the measured position  , and velocity  is simulated independently of 

each other. This is done by first simulating the measured position as the true position plus 

some position measurement noise and then simulating the measured velocity as the true 

velocity plus some velocity measurement noise. The applied measurement noise can be 

either a constant measurement bias, white noise or a combination. Independently applying 

uncorrelated measurement noise like this simulates the case of having two independent 

sensors. 

 

Control: 

The velocity change  is calculated in exactly the same way as for Case 2. 

 

Final condition: 

The termination criteria for the simulations in Case 3 are exactly the same as for the other 

two cases. 
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5.3.2 Results 
 

In Figure 23 a simulation of case 3 is shown. The sample frequency is here set to 50 Hz, 

the position measurement noise is white noise with σ=0.2 m and the velocity 

measurement noise white noise with σ =0.4 km/h. To the left in the figure the distance 

and velocity is shown and to the right the true and measured distance errors at the end of 

the simulation can be seen for 1000 realizations. The RMS deviation of the true position 

for vehicle A is 0.064 m 

 

 

Figure 23 Distance and velocity for the vehicles during one realization of Case 3 (left) and 

distance error for 1000 realizations (right).  Applied position measurement noise is white 

noise with σ = 0.2 m and applied velocity measurement noise is white noise with σ = 0.4 km/h 

 

Parameter sensitivity: 

In Figure 24 it can be seen how varying the parameters, position noise, velocity noise, 

sample frequency and start distance effects the result of the simulation presented in  

Figure 23 
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Figure 24 RMS deviation as a function of position measurement noise (upper left), velocity 

measurement noise (upper right), sample frequency (lower left) and  start distance (lower 

right) 
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6 Control loop simulations 
 

This chapter also presents simulations from a close passing with crossing traffic scenario 

where two vehicles are controlled with aim of hitting each other in a common pre-

determined point. To be able to do this a Simulink model has been designed. In this 

model, the true position and velocity of the vehicles are modelled with a simple vehicle 

model and measurements are then made on these true positions and velocities to control 

the two vehicles in regard to each other.   

 

The main difference in these simulations compared to the ones previously presented in 

chapter  5 is the simple vehicle model that takes into account the dynamics of the two 

vehicles. Adding this model gives a more realistic behaviour of the vehicle dynamics, i.e. 

the velocity change is no longer considered to be instantaneous. Furthermore, the speed 

regulation for both vehicles is now based on measurements, i.e. Vehicle B is no longer 

traveling at an ideal constant speed of 30 km/h 

 

In section 6.1 a more detailed description of the designed Simulink model and the 

simulations is given, and in section 6.2 results from the simulations of the close passing 

with crossing traffic scenario are presented. 

 

 

6.1 Model description 
 

6.1.1 Overview 
 

In Figure 25 a conceptual system design is shown. This figure gives an example of how a 

system could be designed for achieving the above mentioned task of controlling two 

vehicles in a close passing with crossing traffic scenario 

 

 
 

Figure 25 Conceptual system overview showing how the system simulated in this chapter 

could be implemented. 
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A Simulink model of this conceptual system has been designed and an overview of the 

developed Simulink model is shown in Figure 26. As can be seen it consists of two 

vehicle models Vehicle A (blue) and Vehicle B (green). Each vehicle also has a 

corresponding measurement system that measures the position and velocity of the 

vehicle, these can be seen as the two grey blocks to the right. The measurements are then 

sent to the inter-vehicle control system, which is represented by the grey box to the left in 

the figure. The inter-vehicle control system controls the speed of vehicle A with regards 

to the measured speed and position of vehicle B. The speed of vehicle B is controlled 

with regards to a constant nominal velocity (reference velocity). It is this nominal 

velocity together with the chosen start positions of Vehicle A and Vehicle B that defines 

the scenario and determines what velocities the two vehicles will have in the thought 

impact moment. The simulation runs until vehicle B reaches the pre-determined point. All 

parts of the model will be described in more detail in the following chapters. 

 

 

 

 
Figure 26 Overview of Implemented Simulink model 
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6.1.2 Vehicle model 
 

As can be seen in Figure 27, the vehicle model is built up as simple cruise control system 

consisting of a controller, an engine and brake plant model and a vehicle dynamics plant 

model.  

 

 

 
Figure 27 Overview of Vehicle model 

 

In the vehicle dynamics plant model the vehicle dynamics, see Figure 28, are modelled as 

a simple mass damper system, where an engine force u is applied on a vehicle with mass 

m.  To get a good representation of the average car population in Europe the vehicle in 

this model is assumed to be a Volkswagen Golf and hence the vehicle mass is set to 1300 

kg. The damping forces applied on the vehicle is rolling resistance and aerodynamic drag. 

The rolling resistance force  is assumed to be independent of the velocity and is 

calculated according to the following equation. 

 

 

 

where =0.015 is a typical value of rolling resistance coefficient for a passenger car with 

radial tires [10].  

 

When calculating the aerodynamic force  it is assumed that there is no head or tail 

wind and hence the force is directly proportional to the square of the longitudinal velocity 

of the vehicle. The aerodynamic drag force is calculated according to the equation below 

 

  

 

where  =1.225 kg/m3 is the air mass density at 15 °C and a barometric pressure of 

101.32 kPa,  is the aerodynamic drag coefficient assumed to be 0.3 and  is 80% of 

the area calculated from the vehicle width w and height h [10].  is a lumped 

aerodynamic drag coefficient. 

 

 

 
Figure 28 Vehicle dynamics as a mass damper system (left) and vehicle dimensions (right) 
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According to Newton’s law the velocity of the vehicle resulting from the forces acting on 

the system can then be described by the following differential equation.  

 

       (7) 

 

The Simulink implementation of this differential equation can be seen in Figure 29 which 

shows the contents of the vehicle dynamics plant model block.  

 

 
Figure 29 Vehicle dynamics plant model 

   

The engine and brake plant model consists of a variable time delay block and a saturation 

block, see Figure 30. The variable time delay block delays the desired force as it is 

assumed that the engine is not immediately able to provide the desired force. This time 

delay is assumed to be 100 ms. The saturation block limits the maximum force that the 

engine and brake system can provide. The engine force and brake system saturation limits 

are set to 5200 N and -5200 N, respectively. This corresponds to a maximum 

acceleration/deceleration of 4 m/s for a vehicle with a mass of 1300 kg.  Even if the 

engine and brake plant model at the moment is very simple this block provides further 

possibilities to develop a more complex model of how the engine and brake system 

responds. This could for example include limits on how fast the engine force can change.  

 

 
 

Figure 30 Engine and brake plant model 

 

Most cruise control systems in modern vehicles are implemented with a proportional 

integral (PI) control strategy, but in older cars it is common that the cruise control system 

is implemented with only a proportional (P) control strategy. The controller used in this 

vehicle model is a PI controller, which is to prefer as it can reduce the remaining speed 

error (due to disturbances as for example a hill) to zero [13].  This PI controller is 

implemented as a transfer function in Simulink, see Figure 31. The controller parameters 

Kp and Ki are set to 750 and 10, respectively.  
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In Figure 32 it can be seen how the vehicle model responds to a step in desired velocity 

from 0-100 km/h. In the top part of the figure the desired velocity can be seen together 

with the vehicle velocity response. In the lower part of the figure it can be seen how the 

engine force is delayed in comparison to the desired force from the control system and it 

can also be seen how the engine force saturates at 5200 N. 

 

 
Figure 32 Vehicle model response to a step in desired velocity from 0-100 km/h 

 

 

6.1.3 Measurement system 
 

The measurement system, see Figure 23, that each vehicle is equipped with, is modelled 

in the following way.  The measurement system can be set to sample with a desired 

frequency (e.g. 50 Hz) and the first thing that is done is to simulate the act of taking 

discrete samples of the signals with this frequency. This is done by letting both the 

vehicle velocity and position signal pass through a rate transition block that holds the 

value of the input signal during a specified sample time. 

 

 
 

Figure 33 Measurement system 

 

The sampled position and velocity are then sent in to the velocity measurement block and 

the position measurement block, which adds measurement noise to these sampled signals. 

This is done by adding a normally distributed random signal to the sampled velocity and 

position signals, see Figure 34. These random signals are updated with the same sample 

frequency as the one that the measurement system operates at, i.e. a new random number 

is generated for every measurement that is taken.  
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Figure 34 Velocity measurement block (left) and position measurement block (right) 

 

Furthermore, the variance and mean can be set for the random signals that are added to 

the sampled velocity and position. This makes it possible to simulate white measurement 

noise, a constant measurement bias or a combination of the two.   

 

 

6.1.4 Inter vehicle control 
 

The inter vehicle control system, see Figure 35,  calculates the set point, i.e. the desired 

velocities for vehicle A based on the current velocity and position measurements from the 

two vehicles and it can here be seen how it consists of one independent velocity controller 

and one inter vehicle velocity controller. At start-up the control system operates in inter-

vehicle velocity control mode and regulates the velocity of vehicle A with aim of getting 

Vehicle A to the pre-determined position at the same time as Vehicle B. However, when 

the measured position for any of the vehicles indicates that they have reached the pre-

determined point the control strategy for the velocity of vehicle A is changed and it is 

from then controlled independently of vehicle B.  

 

 
Figure 35 Inter vehicle control system 

 

In Figure 36 the details of the inter vehicle velocity control is shown. As can be seen it 

uses the measured velocity and position of vehicle B to estimate the time vehicle B has 

left until it arrives to the pre-determined position. This estimate of the remaining time 

together with the measured position of vehicle A is then used to calculate the velocity 

vehicle A needs to have in order to arrive there at the same time.  
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Figure 36 Inter vehicle velocity controller 

 

As can be seen, the independent velocity control, shown in Figure 37, checks if either 

vehicle A or Vehicle B has reached the pre-determined point. This is done by checking if 

the measured position for any of the vehicles is less or equal to zero. When this criterion 

is fulfilled the independent velocity control is activated and the desired velocity for 

vehicle A is by a zero-order hold block in the triggered subsystem set to the same as the 

latest measured velocity. This desired velocity is then held throughout the simulation.  

 

 

 

 
 

Figure 37 Independent velocity controller 
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6.2 Results 
 

In the following sections we present results showing how the task of getting vehicle A 

and Vehicle B to arrive at the same pre-determined location is affected by measurement 

noise and choice of sample frequency. However, to have something to compare to a 

reference case is first presented in Figure 38 below. 

 

Figure 38 Reference case showing distance and velocity for the vehicles during one 

realization (left) and distance error for 1000 realizations (right).   

 

In this case, it can be seen how the system behaves when no measurement noise is added, 

i.e. we assume that we can perfectly measure the position and velocity of the two 

vehicles. The sample frequency of the measurement and control system is here 50 Hz and 

the communication delay is set to be zero. The right part of the figure represents 1000 

realizations of this case and shows what the true distance between vehicle A and vehicle 

B is at the moment when vehicle B arrives to the pre-determined position. As can be seen 

we have a distance error of approximately 0.012 m for all of the 1000 realizations.  The 

left part of the figure shows the velocity and position of the vehicles for one realization of 

this case and it can in the upper left part be seen how the measured distance (red) and true 

distance (blue) decreases as the vehicles approach the pre-determined position. In a 

similar way the measured velocity (red), true velocity (blue) and desired velocity (cyan) 

can be seen for the two vehicles in the lower left part of the figure.  

 

 

6.2.1 Effect of sample rate 
 

To see how the choice of sample frequency affects the result a case with white position 

measurement noise with σ=0.2 m and white velocity measurement noise with σ=0.4 km/h 

was simulated for a few different sample frequencies. To the left in Figure 39, one 

realization from a simulation with sample frequency 1 Hz can be seen, and to the right 

one realization from a simulation with a sample frequency of 10 Hz is shown. 
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Figure 39 One realization of a simulation runs with sample frequency 1 Hz (left) and 10 Hz 

(right) 

 

Figure 40 shows how the RMS deviation of the true position of vehicle A depends on the 

sample frequency of the measurement and control system. Each RMS value represents 

1000 realizations. 

 

 
Figure 40 RMS deviation as a function of sample frequency 
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6.2.2 Effect of measurement noise 
 

For simplicity, we can assume that all our measurement errors can be modelled as a white 

noise component plus a constant or slowly varying bias. We are therefore in the following 

two sections going to study the impact of these two types of measurement errors. This is 

done by simulating the reference case and first adding various quantities of white noise 

and later adding constant measurement biases. 

 

6.2.2.1 White noise 
 

In Figure 41 the effect of adding a white position measurement noise with σ=0.2 m can be 

seen. The RMS deviation of the true position for vehicle A is in this case when calculated 

for 1000 realizations approximately 0.034 m. 

Figure 41 Distance and velocity for the vehicles during one realization (left) and distance 

error for 1000 realizations (right). Applied position measurement noise is white noise with 

σ=0.2 m. 

 

In Figure 42 the result of adding white velocity measurement noise with σ=0.4 km/h can 

be seen. The RMS deviation of the true position for vehicle A is in this case when 

calculated for 1000 realizations approximately 0.040 m. 
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Figure 42 Distance and velocity for the vehicles during one realization (left) and distance 

error for 1000 realizations (right). Applied velocity measurement noise is white noise with 

σ=0.4 km/h. 

 

In Figure 43 the result of adding both white position measurement noise with σ=0.2 m 

and white velocity measurement noise with σ=0.4 km/h can be seen. The RMS deviation 

of the true position for vehicle A is in this case when calculated for 1000 realizations 

0.052 m. 

Figure 43 Distance and velocity for the vehicles during one realization (left) and distance 

error for 1000 realizations (right). Applied position measurement noise is white noise with 

σ=0.2 m and applied velocity measurement noise is white noise with σ=0.4 km/h. 

 

The three cases, with different combinations of white measurement noise, presented 

above are only a small fraction of total amount of combinations that are simulated. The 

resulting RMS distance error for all the combinations can be seen in Figure 44, which 

shows a contour plot with the RMS distance error as a function of both position 

measurement noise and velocity measurement noise. Figure 45 shows the RMS distance 

error in more detail for small quantities of measurement noise. Worth to have in mind 
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when looking at these contour plots, and as mention earlier, is that even when no 

measurement noise is added the RMS distance error is approximately 0.012 m. 

 

 
Figure 44 Contour plot showing the RMS deviation of the true position for Vehicle A as a 

function of velocity measurement noise and position measurement noise for the total 

coverage region. 

 

 

 
Figure 45 Contour plot showing the RMS deviation of the true position for Vehicle A as a 

function of velocity measurement noise and position measurement noise for small quantities 

of measurement noise. 

 

To get a better understanding of what the results presented in Figure 44 and Figure 45 

means and what impact white measurement noise has on a system like this the RMS 

distance error was multiplied by a factor of six to obtain the six sigma distance error. This 

six sigma distance error can be seen for all combinations of position and velocity 

measurement noise in Figure 46 and Figure 47. As these figures now show the six sigma 

deviation between vehicle A and Vehicle B they basically provide us with information 

about how large the margin in a close passing with crossing traffic scenario 
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needs to be if we just have white measurement noise and can tolerate an accident between 

the two vehicles in one of one billion tests. In these figures, we have also specified values 

that can be representative for a standard instrumentation and a state of the art 

instrumentation. Regarding all accuracies as white noise it can be seen that for a standard 

instrumentation with a position accuracy of 40 cm and a velocity accuracy of 1 km/h we 

need a margin of about 0.75 m. Similarly, for a state of the art instrumentation with a 

position accuracy of  2 cm and a velocity accuracy of 0.25 km/h it can be seen that we 

need a margin of about 0.16 cm.   

 

The six sigma error presented here is in actual standard deviations and should not be 

confused with the six sigma process commonly used in quality control and business 

management. 

 
Figure 46 Contour plot showing the 6σ distance error as a function of velocity measurement 

noise and position measurement noise for the whole coverage region. 

 

 
Figure 47 Contour plot showing the 6σ distance error as a function of velocity measurement 

noise and position measurement noise for small quantities of measurement noise. 

6σ ≈ 0.16 m 

6σ ≈ 0.75m 



54 

 

 

6.2.2.2 Bias 
 

In Figure 52 and Figure 53 it can be seen how the system responds to a constant 

measurement bias in position and velocity. These results were obtained by simulating the 

reference case and applying constant measurement biases to one of the vehicles. 

 

 

 
Figure 48 Position error in meters when adding a constant position measurement bias to one 

of the vehicles. 

 

 

 

 
Figure 49 Position error in meters when adding a constant velocity measurement bias to one 

of the vehicles. 

 

The measurement bias can be considered to be constant during the short time of one test 

run. However in reality the bias might be slowly varying, which means that we might 

have a different bias next time we perform the test. The bias can therefore be considered 

to be normally distributed.  
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If again assuming that we have the standard and state of the art instrumentation from 

section 6.2.2.1, but in this case regards the specified accuracies as just a normally 

distributed biases we can calculate the six sigma safety margins required for the bias only 

case. 

 

First the values for the position error due to the position bias (σp) and velocity bias (σv) 

can be obtained from Figure 48 and Figure 49. 

 

Standard instrumentation State of the art instrumentation 

σp  = 0.4       m σp  = 0.02   m 

σv  = 0.58     m σv  = 0.15     m 

 

From these values we can then calculate the total standard deviation of the position error 

(σTot). 

  

 

 

By multiplying this total standard deviation with a factor of six we finally obtain the six 

sigma margins required if all uncertainties are considered as biases. These margins can be 

seen below for the standard and state of the art instrumentation. 

 

  Standard instrumentation State of the art instrumentation 

Six Sigma safety 
margins (bias) 

4.72 m 0.91 m 

 

 

6.2.3 Summary 
 

To get a final estimate for which precision a test scenarios of this type can be set up with 

we now need to take into consideration both the effect of the white noise and the 

measurement bias.  

 

Let us again say that we have the standard and state of the art instrumentation from 

section 6.2.2.1. and section 6.2.2.2. Now assume that these accuracies are made up of a 

white noise process and a normally distributed bias and that the accuracies can be 

separated into these two components according to the table below. 

 

 

Standard instrumentation   State of the art instrumentation 

(accuracy pos≈40 cm, vel≈ 1 km/h)   (accuracy pos≈2 cm, vel≈ 0.25 km/h) 

position: σp,white = 0.28 m 

 

position: σp,white = 0.014 m 

 

σp,bias    = 0.28 m 

  

σp,bias    = 0.014 m 

     velocity: σv,white = 0.71  km/h 

 

velocity: σv,white = 0.16    km/h 

  σp,bias    = 0.71  km/h     σp,bias    = 0.16    km/h 

 

 

Using Figure 44, Figure 48, Figure 49 and Figure 50 we can then obtain the following 

values for the position error due to the white noise (σw), position bias (σp) and velocity 

bias (σv) .  
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Standard instrumentation State of the art instrumentation 

σw = 0.08   m σw = 0.02     m 

σp  = 0.28   m σp  = 0.014   m 

σv  = 0.4     m σv  = 0.075   m 

 

These values can then be summarized in the following way to obtain the total standard 

deviation of the position error (σtot). 

 

 

 

The six sigma deviation which tells us how large margin we need to have between the 

two vehicles if we can tolerate an accident in one of one billion tests is then obtained by 

multiplying the total standard deviation with a factor of six. The resulting six sigma safety 

margins can be seen below 

 

  Standard instrumentation State of the art instrumentation 

Six Sigma safety 
margins 

2.97 m 0.47 m 

 

 

These safety margins are specific for the system presented in this study, but gives an idea 

of the precision that can be obtain in a close passing with crossing traffic scenario if 

measurement are made with accuracies representative to standard and state of the art 

instrumentation. However, for any other setups new simulations needs to be performed 

taking into account specific conditions such as vehicle dynamics, control system and 

measurement errors. 
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7 Conclusions 
 

We have studied different principles for positioning , and what equipment that is needed 

for positioning at AstaZero. This includes market research to investigate possible options 

for instrumentation and control systems. It also includes simulations to study how 

different test scenarios can be set up and the precision that can be achieved in a test 

scenario using both commercially available standard and state of the art instrumentation. 

 

The particular scenario we have studied is a close passing with crossing traffic scenario, 

i.e. a crossing situation where one vehicle passes just in front of another vehicle. From 

simulations we find that that if standard instrumentation is used such a test scenario can 

be set up with a distance between the vehicles of about 2.97 m tolerating one hit in one 

billion test.  If we instead use state of the art equipment we find that the distance between 

the vehicles can be decreased to 0.47 m. This means that even if risks are low there is still 

a possibility of a crash. 
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