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Sammanfattning: Detta examensarbete syftar till en översikt av de teknologier som ofta blir 
beskrivna under rubriken förarstöd (Driver Assistance Systems). Genom den information som 
är tillgänglig skall exjobbet så långt det är möjligt matcha funktioner med olyckor, funktioner 
med sensorer osv. Arbetet fokuserar på informationshämtning och analys av denna 
information. En analys, baserad på olyckor i USA och Sverige under 1998- 2002 samt två 
studier av olyckor med tunga lastbilar, visar att av alla olyckor med dödlig utgång eller svåra 
personskador som involverar en tung lastbil, är nästan hälften ett resultat av att lastbilen 
frontalkolliderar. En fjärdedel orsakas av sidokollisioner medan singelolyckor och kollision 
med lastbilens bakre del står för omkring 14 % var. Av dessa är omkring en fjärdedel olyckor 
med oskyddade trafikanter och cirka 60 % kollision med andra fordon. Mer än 90 % av alla 
olyckor beror delvis på föraren medan 75 % beror helt på föraren, varför det finns en stor 
möjlighet att minska antalet olyckor genom att införa förarstödsystem. I denna analys av 
förarstödsystem för tunga lastbilar visas att sex av de system det talas mycket om idag har 
potential att förhindra 40 till 50 % av dessa olyckor. Dock uppskattas att 20 till 40 % 
verkligen har en potential att förhindras. Ett av dessa förarstödsystem, nödbroms, har 
studerats djupare varvid beslutsmodeller för en nödbroms kapabel att mildra 
upphinnandeolyckor har skapats och utvärderats. Resultaten visar att en nödbroms av denna 
typ har stor förmåga att mildra konsekvenser av denna typ av olyckor. 

Keywords: driver assistance systems, collision mitigation, collision warning, accident 
statistics, automatic emergency brake, sensor, radar, lidar, ultrasonic, image, active safety
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Abstract 

This thesis work aims at performing a survey of those technologies generally called Driver 

Assistance Systems (DAS). This thesis work focuses on gathering information in terms of 
accident statistics, sensors and functions and analyzing this information and shall thru 
accessible information match functions with accidents, functions with sensors etc. 

This analysis, based on accidents in United States and Sweden during the period 1998 – 2002 
and two truck accident studies, shows that of all accidents with fatalities or sever injuries 
involving a heavy truck almost half are the result of a frontal impact. About one fourth of the 
accidents are caused by side impact, whereas single vehicle and rear impact collisions causes 
around 14 % each. Of these, about one fourth is collision with unprotected (motorcycles, 
mopeds, bicycles, and pedestrians) whereas around 60 % are collision with other vehicles. 

More than 90 % of all accidents are partly the result of driver error and about 75 % are 
directly the result of driver error. Hence there exist a great opportunity to reduce the number 
of accidents by introducing DAS. 

In this work, an analysis of DAS shows that six of the systems discussed today have the 
potential to prevent 40 – 50 % of these accidents, whereas 20 – 40 % are estimated to actually 
having the chance to be prevented. 

One of these DAS, automatic emergency brake (AEB), has been analyzed in more detail. 
Decision models for an emergency brake capable to mitigate rear-end accidents has been 
designed and evaluated. The results show that this model has high capabilities to mitigate 
collisions.
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1 Introduction 
This is the final report of the Master Thesis work project Driver Assistance Systems with focus 

on Automatic Emergency Brake carried out at Scania Technical Center, Sweden, for the 
Department of Aeronautical and Vehicle Engineering at the Royal Institute of Technology in 
Sweden. 

This thesis work aims at performing a survey of those technologies generally called Driver 

Assistance Systems. Examples of such functions which are starting to reach the market are 
Adaptive Cruise Control, Lane Departure Warning and Blind Spot Detection. These functions 
all depend on advanced sensors. More ahead, different sensors could be shared (sensor fusion) 
with the aim to develop more advanced function such as Collision Mitigation and Collision 

Avoidance. 

The basic idea is to describe functions capable of preventing or mitigating accidents caused 
by mainly longitudinal and lateral movement of the vehicle. These functions could involve the 
driver more or less, i.e. different degree of autonomous intervention, from comfort and 
warning systems to systems avoiding collisions. 

The work focuses on gathering information about Driver Assistance Systems in terms of 
accident statistics, sensors and functions and analyzing this information. 

This thesis work shall thru accessible information match function with accidents, functions 
with sensors etc. and come up with a possible roadmap for Driver Assistance Systems in 
heavy trucks. 

At a later stage there is reason to focus on Collision Mitigation in longitudinal direction, in 
this case an emergency brake. Hence, a decision model for an emergency brake has been 
designed and its potential has been analyzed.
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2 Definition 
Driver Assistance Systems (DAS) are systems that support the driver in his driving. This 
assistance is received in terms of information, warnings, support (partly autonomous 
intervention), fully autonomous intervention, or a combination of these, where the distinction 
between them sometimes is subtle. 

Classification of DAS according to the degree of driver assistance, i.e. above-mentioned states 
information, warning, support, and intervention [1], is often used. Other classification aspects 
exist, where of some will be mentioned. The choice of categorization depends on the aim (e.g. 
marketing). 

One way to classify DAS is presented in Figure 1. It is called the Active Safety Model and is 
developed by ACEA’s (Association des Contructeurs Européens d’Automobiles) Task Force 
on Active Safety. The different states correspond to different degrees of driver assistance. 
Note that both active and passive safety systems are represented in Crash Unavoidable Phase. 
This classification can be seen as general. 

In Normal Driving Phase, the main purpose for DAS is comfort and convenience features. 
Hence, DAS that operate in the normal driving phase normally provide information directed to 
the driver [2], but some systems may also provide support (e.g. cruise control). 

In Danger Phase, the driver will be warned if a potential collision is detected with e.g. another 
car or obstacle. Complex scenarios like evading can be included as well as warn breaking i.e. 
this state provides both warnings and support [2]. 

 
Figure 1 The ACEA active safety model [2] 

It is important to point out that the driver, at all times, remains in primary control of the 
vehicle. The driver can override the assistance from vehicle applications in phase one and 
two, at all times [2]. 

In Crash Unavoidable Phase, everything is done with the intention to completely avoid an 
accident. An autonomous intervention partly, or fully, overtakes the control of the vehicle in 
critical situations in order to avoid an accident [2]. 

In Crash Phase, the intention is to reduce the injuries with devices such as airbag and Front 
Under-run Protection. 
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In Post Crash Phase, the vehicle will, for example, automatically assess the severity of the 
event based on a number of sensory indications after an accident has occurred and, for 
instance, an emergency dispatcher will then be able to provide assistance to the driver [2]. 

Another categorization of DAS often seen is shown in Figure 2. This categorization is used by 
Delphi Automotive Systems. It is similar to the one by ACEA although differences exist. 
Here, Collision Avoidable State corresponds to Crash Unavoidable Phase in the ACEA 
model. This difference can be taken to mean that driver assistant systems in this state are able 
to avoid an accident whereas they are not in Collision Unavoidable State (corresponds to In 
Crash Phase in the ACEA model). Hence, Avoidance zone is what the industry normally calls 
active safety (as in the ACEA model). 

 
Figure 2 Integrated safety system state diagram [2] 

Practically every supplier has their classification, and as mentioned earlier, the classification 
depends on the aim. As a result, the suppliers tend to shed light on the areas they are in 
control of. Therefore, the reader should have knowledge of that all types of classification 
correspond to the degree of driver support regardless of the term of the state. Consequently, 
these categories seem to blend, and it is therefore difficult to be strict. 

In other words, the term DAS represent a broad range of systems operating in different states. 
Hence, this report will be restricted to one category of systems namely active safety systems. 
Furthermore, only systems relying on external sensing of the environment (in contrast to those 
relying only on internal sensing e.g. ABS and ESP) will be considered.
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Accidents, Sensors and 
Functions 
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3 Accident Statistics 
In this chapter accident statistics for trucks will be presented. The aim is to find out which 
driver assistant systems that is required to prevent or mitigate accidents i.e. associate 
accidents with driver assistant systems. 

Generally trucks are divided into light trucks, below 3.5 tonnes, and heavy trucks, above 3.5 
tonnes, where heavy trucks are further divided into three classes: above 3.5 tonnes, above 7 
tonnes, and above 16 tonnes.  

Note that accident statistics divided into vehicle type (truck, car, etc.) is not always 
obtainable. Therefore some of the statistics presented here is based on all vehicle types. 

Many countries in Europe and the United States provide accident statistics. One problem is 
that satisfactory international statistics do not exist, which would be of great help when an 
international market must be taken into consideration. It should be mentioned that efforts have 
been made to solve this problem. One example is CARE – Community database on Accidents 
on the Roads in Europe [3]. 

These international databases depend on that the countries send their statistics, which is not 
always done. What is more, not all countries provide the same statistics. One could easily be 
led to believe that specific statistics obtained from, for instance, CARE, represent the whole 
of Europe when the statistics in fact might originate from just one country. Another limitation 
in almost all studies is missing years in the statistical data [4]. 

3.1 Sources and Data 

In this report, statistics have been obtained from different sources, mostly from SIKA 
(Swedish Institute for Transport and Communications Analysis) database [5], and NHTSA 
(National Highway Traffic Safety Administration, United States) reports [6] and their FARS 
(Fatality Analysis Reporting System) database [7]. 

These databases together with two truck accident studies, one conducted by CEESAR (Centre 
Europeen d’Etudes de Securite et d’Analyse des Risques) and ACEA [8], and one by Volvo 
Accident Research Team, represents accidents occurring in Europe and the United States [9]. 

SIKA does not always separate between light and heavy trucks and consequently figures 
presented from SIKA apply to all trucks if nothing else is said. NHTSA separate between 
light trucks, below 3.5 tonnes, and heavy trucks, above 3.5 tonnes, where figures presented in 
this report applies to heavy trucks. Statistics for the years 1998-2002 will be presented when 
obtainable. 

Figures taken from Volvo are based on 1,450 accidents since 1969 involving Volvo trucks 
around Göteborg and southern Sweden. Accidents occurring in northern Europe are also 
investigated in this study but only certain accidents involving Volvo FH trucks with airbag 
and new Volvo FM’s trucks [9]. This signifies that figures presented from Volvo apply to 
heavy trucks with a weight of 7 tonnes and above. 

Figures taken from the study [8] are based on 125 accidents involving at least one passenger 
car and one truck. Of these most are German and most with fatalities. Information about 
which truck segment (i.e. weight) the study investigates is not obtainable, but indications that 
it only applies to heavy trucks exist. 

This means that the figures mostly originate from Sweden and Germany and are thus not fully 
representative to all accidents involving trucks in Europe. Furthermore, the figures apply to 
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different trucks, both light and heavy. The reader should keep this in mind when figures are 
presented later on. 

All figures presented are based on accidents with personal injury reported by the police. Note 
though that many accidents are not reported to the police. An estimation is that the number of 
accidents with severe injuries could be between 10 – 50 % higher and the number of accidents 
with light injuries could be up to twice as high. 

3.2 General 

In 2002, a total of 16,947 accidents occurred in Sweden. Of these, 490 lead to fatalities with a 
total of 560 persons killed. Moreover, 4,592 persons were severely injured. Trucks were 
involved in 121 (24.7 %) of all accidents with fatalities and 13 % of all accidents with severe 
personal injury [5]. 

In Table 1 [5] the number of killed and injured persons in road traffic accidents with trucks in 
Sweden for the years 1998-2002 can be seen. Statistics for single vehicle accidents by type of 
traffic element is not obtainable and is therefore not included. 

Severity 
of injury 

Year 
In a heavy truck In a light truck Not in a truck Total 

# % of all # % of all # % of all # % of all 

Killed 

2002 13 2.3 8 1.4 142 25.4 163 29.1 

2001 5 0.9 15 2.6 127 21.8 147 25.2 

2000 11 1.9 13 2.2 129 21.8 153 25.9 

1999 5 0.9 14 2.4 100 17.2 119 20.5 

1998 6 1.1 9 1.7 128 24.1 143 26.7 

Severe 
injury 

2002 55 1.2 146 2.3 449 9.8 650 14.2 

2001 48 1.2 96 2.4 421 10.4 565 13.9 

2000 49 1.2 105 2.6 390 9.5 544 13.6 

1999 56 1.4 100 2.5 350 8.7 506 12.5 

1998 40 1.0 99 2.5 366 9.4 505 13.0 

Light 
injury 

2002 - - - - - - - - 

2001 323 1.8 635 3.5 1749 9.6 2707 14.8 

2000 281 1.6 561 3.1 1522 8.5 2364 13.2 

1999 334 1.9 546 3.0 1644 9.2 2524 14.1 

1998 294 1.7 531 3.0 1607 9.2 2432 13.9 

Table 1 Killed and injured persons in accidents with trucks in Sweden [5] 

Of the 142 non-truck occupants killed in 2002, 109 were occupants of a passenger car, 4 were 
cyclists, 12 motorcyclists, 3 rider of a moped, and 14 were pedestrians [5]. It should be 
mentioned that trucks, in 2001 in Sweden (data only available for 2001), accounted for around 
9 % of all passenger cars, trucks, and buses in use, and around 13 % of total kilometers 
traveled by these [5]. 

If above-mentioned figures are compared to Table 1 it can be seen that trucks, compared to 
other vehicles, more often cause severe injuries. As much as 20 to 30 % of all persons killed 
in road traffic accidents (with the exception of single vehicle accidents) are related to 
accidents with trucks involved. It can also be seen that in most cases it is non-truck occupants 
that suffer injuries. 

Of 4,897 (year 2002) persons killed in accidents (including single vehicle accidents) involving 
a heavy truck in the United States, 14 % were truck occupants, 7 % non-occupants 
(motorcycles, bicycles, mopeds, and pedestrians), and 79 % other vehicle occupants 
(passenger cars etc) [7]. Figures for the years 1998-2002 are summed up in Table 2 [7]. 
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Occupants of Fatalities in U.S according to FARS 

 2002 2001 2000 1999 1998 

 # % # % # % # % # % 

Truck 684 14 708 14 754 14 759 14 742 14 

Other vehicle 3,853 79 3,962 76 4,114 78 4,118 77 4,215 78 

Non-occupants 360 7 441 9 414 8 441 8 438 8 

Total 4,897 100 5,111 100 5,282 100 5,380 100 5,395 100 

Table 2 Number of persons killed in U.S [7] 

According to AB Volvo 6 % of those who get killed or severely injured in accidents involving 
trucks (including single vehicle) are truck occupants, 54 % are passenger car occupants, and 
are 40 % non-occupants [9]. 

Analysis of the sources shows some differences in the actual numbers but the patters are the 
same. Thus, some conclusions can be made, which are that in most cases a heavy truck 
collides with a passenger car resulting in fatalities and injuries for car occupants. 
Unprotected1 is another vulnerable group. 

Table 3 [5] shows trucks involved in road traffic accidents in Sweden by total weight for the 
years 1998-2002. 

Total weight tonnes 
Trucks in use % Trucks involved in accidents % 

2002 2001 2000 1999 1998 2002 2001 2000 1999 1998 

 – 2,00 25 24 22 20 18 16 17 16 12 9 

2,01  – 3,50 56 56 57 59 61 32 38 38 33 37 

3,51  – 7,00 3 3 3 3 3 1 1 1 1 2 

7,01  – 12,00 3 3 3 3 3 3 3 3 2 3 

12,01  – 20,00 4 5 5 5 5 9 8 10 8 7 

20,01  – 27,00 7 7 7 8 7 27 23 23 20 20 

27,01  –  3 3 3 3 2 12 9 8 8 20 

Unknown - - - - 1 - - - 16 2 

Table 3 Trucks involved in road traffic accidents in Sweden by total weight [5] 

In 2002, heavy trucks with a total weight of 20 tonnes and above were involved in 39 % of all 
accidents involving trucks, whereas they only accounted for 10 % of all trucks in use, i.e. 
heavy trucks are overrepresented in accident statistics compared to their proportion of all 
trucks in use [5]. 

The reader is reminded of that all figures are based on accidents with personal injury, why it 
seem natural that the heaviest trucks are those who cause most injuries. 

3.3 By Accident Type 

In 2002, 2,177 (12.9 % of all) accidents with trucks as primary involved traffic element 
occurred in Sweden. Of these, 16.6 % were single-vehicle, 58.2 % were collision with 
passenger cars, 15.7 % collisions with unprotected and 6.7 % collision with trucks or buses 
[5]. Table 4 [5] shows statistics for the years 1998-2002.

                                                 
1
 Unprotected is the same as non-occupant only used in another context i.e. motorcycles, mopeds, bicycles, and 

pedestrians 
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Year # 
Single-vehicle 
% 

Collision with 
passenger cars % 

Collision with 
unprotected % 

Collision with 
bus or truck % 

Other 
% 

2002 2,177 16.6 58.2 15.7 6.7 2.8 

2001 2,100 15.5 59.1 15.6 6.8 3.0 

2000 1,973 15.4 59.3 16.6 5.4 3.3 

1999 2,035 15.6 59.4 15.3 6.2 3.5 

1998 1,982 15.6 58.0 16.1 7.3 3.0 

Table 4 Number of accidents in Sweden with trucks as primary involved traffic element [5] 

If we instead only focus on accidents with fatalities or severe injuries in Sweden (2002) in 
accidents involving trucks, 14.3 % are caused by single-vehicle accidents, 53.0 % by collision 
with passenger cars, 24.7 % by collision with unprotected, and 7.2 % are caused by collision 
with trucks or buses [5]. 

Corresponding figures from Volvo are that 2.8 % are caused by single-vehicle accidents, 55 
% by collision with passenger cars, 40 % by collision with unprotected, and 1.8 % is caused 
by collision with heavy trucks [9]. It should be repeated that figures presented from [9] only 
apply to heavy trucks with a weight above 7 tonnes, whereas [5] applies to all trucks. 
Statistics are summarized in Table 5 (Sweden for the years 1998-2002). 

 Year 

Number of 
accidents 
with 
fatalities or 
severe 
injuries 

Single-
vehicle % 

Collision 
with 
passenger 
cars % 

Collision with 
unprotected 
% 

Collision 
with other 
vehicles % 

Other % 

S
IK

A
 

2002 566 14.3 53.0 24.7 7.2 0.7 

2001 501 13.8 54.5 25.0 6.2 0.6 
2000 506 14.6 54.2 25.3 5.1 0.8 

1999 456 15.1 51.2 24.8 7.5 1.1 

1998 481 13.5 55.7 23.1 5.8 1.9 

Volvo 1,450 2.8 55 40 1.8 0.4 

Table 5 Number of accidents with fatalities or sever injuries in accidents involving trucks according to 
SIKA and Volvo [5], [9] 

It can be seen that the figures differ quite a lot between the two sources, especially for single 
vehicle accidents and collision with unprotected. One explanation could be that SIKA is 
presenting data for both light and heavy trucks, whereas Volvo show data for heavy trucks 
over 7 tonnes. Comparing these figures with other sources [7] [8] indicate that the Volvo 
research is misleading. One probable cause could be that the Volvo study goes back to 1969 
and thus some of the cases in the Volvo study might be obsolete. 

According to [10], up to 14 % of all accidents involving heavy trucks with severe injuries are 
single vehicle roadway departure accidents. According to [11] 12 to 14 % of all accidents 
involving combination or single-unit trucks are single vehicle roadway departure crashes. In 
[11] it is also stated that 7 to 8 % of all fatalities caused by these trucks are due to single 
vehicle roadway departure crashes. 

Thus, probably around 14 % of all accidents with fatalities or severe injuries are caused by 
single-vehicle accidents. Moreover, 45 % of all accidents include rollover later in the accident 
sequence [9]. 

Since thousands of persons get killed in accidents involving heavy trucks (4,897 persons only 
in U.S. in 2002); it is of outmost interest what causes these accidents. A detailed analysis of 
200 NASS CDS (NASS - National Accident Sampling System; CDS - Crashworthiness Data 
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System) crash reports in [11] indicates what heavy truck road departure accidents are caused 
by (Table 6). 

Causal Factor % 
Driver distraction 12.4  
Driver relinquished steering control 42.7  

Fell asleep  40.5 
Intoxicated (alcohol, drug…)  1.1 
Physical (seizure, passed out)  1.1 

Evasive maneuver 9.0  
Lost directional control (wet, snow, etc) 6.7  
Vehicle failure 5.6  
Vehicle speed 22.5  
Vision obscured 1.1  
Total 100  

Table 6 Causal factor for roadway departure accidents [11] 

It can be seen that driver drowsiness is the cause in 40.5 % of all truck road departure 
accidents. If just looking at fatal single-vehicle heavy truck accidents, 18 % [12] are caused 
by driver drowsiness. Overall, for accidents involving heavy trucks, 57 % of all accidents 
[13], and 3 to 6 % of fatal accidents [12] are caused by driver drowsiness. 

About 60 of all accidents are collision with other vehicles (trucks, buses, passenger cars). 
Table 7 [8] [9] [14] shows how these occur i.e. by type of accident. 

Type of Accident 

Number of 
accidents with 
fatalities or severe 
injuries according to 
Volvo % 

Number of 
accidents with 
fatalities according 
to NHTSA % 

Number of 
accidents with 
fatalities or severe 
injuries according to 
ACEA % 

Oncoming 30.4  29  28  
Rear-End 25.5  22  28  

Truck front vs. other vehicle  14.2  6  15 
Other vehicle front vs. truck  11.3  16  13 

Intersection 30.2  45  38  
Truck front vs. other vehicle  18.9  31  20 
Other vehicle front vs. truck  11.3  14  18 

Lane change 9.4  1  2  
Other 4.4  3  4  
Total 100  100  100  

Table 7 Type of accident in collisions between vehicles (trucks, buses and passenger cars) [8], [9], 
[14] 

Some assumptions have been made to be able to compare the sources to each other. In [14] 
and [8] only information about impact point on the vehicles is provided which has to be 
interpreted as an accident type. Appendix 1 shows data from these sources and how the data is 
interpreted in this work. 

Other interesting facts are that half of the drivers who crashes into vehicles ahead of them (i.e. 
rear-end collisions) fails to apply their brakes before impact, and an additional 30 % do not 
fully apply their brakes [15] [16]. 

If instead of dividing into accident type the same statistics is divided into impact point on 
truck, the following results can be seen (Table 8 [8] [9] [14]). 
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Impact point 
on truck 

Number of accidents with 
fatalities or severe injuries 
according to Volvo % 

Number of accidents with 
fatalities according to 
NHTSA % 

Number of accidents with 
fatalities or severe injuries 
according to ACEA % 

Front 67 66 63 
Side 21 17 20 
Rear 11 17 17 
Total 100 100 100 

Table 8 Impact point on truck in collisions between vehicles [8], [9], [14] 

Dividing the number of accidents with fatalities or severe injuries in collisions with 
unprotected according to impact point, shows that 30 % are the result of front impact, 50 % 
are the result of side impact, and 20 % are rear impact. These numbers are taken from Volvo. 
An analysis made by ACEA [17] indicates similar results. 

Figure 3 [5] [6] [8] [9] shows a review of accidents with fatalities or severe injuries. The 
figures are an average of previous presented statistics. The intention is to make it more clear 
what causes these accidents. 
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Figure 3 Review over all accidents with fatalities or severe injuries according to sources and 
estimations 

It can be seen that almost half of the accidents with fatalities or severe injuries are the result 
of a frontal impact on the truck. About one fourth of the accidents are caused by side impact, 
whereas single vehicle and rear impact collisions causes around 14 % each. 

Furthermore, about one fourth (8 + 12 + 5 %) of all accidents with fatalities or severe injuries 
are with unprotected, whereas around 60 % are collision with other vehicles.  

3.4 By Accident Circumstances 

In 2002, 38,309 accidents with fatalities occurred in the United States [7]. Table 9 shows 
under what light- and road conditions these occurred. Note that these statistics are for all 
vehicles, not just for heavy trucks, and is therefore not presented for the years 1998-2002. 
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 Light Condition 

Road condition Daylight Dark 
Dark but 
lighted 

Dusk or 
Dawn 

Unknown Total 

Normal 44% 26% 14.1% 3.5% 0.1% 87.7% 

Wet 3.6% 2.4% 1.4% 0.3% <0.1% 7.8% 

Snow/Sleet 1% 0.6% 0.2% 0.1% <0.1% 2.0% 

Other/Unknown 0.7% 0.9% 0.2% 0.1% 0.7% 2.5% 

Total 49.3% 30% 15.9% 4.1% 0.9% 100% 

Table 9 Light- and road conditions under which fatal accidents occurred in the United States in 2002 
[7] 

Obviously most fatal accidents occur under normal road conditions during daytime (44 %). 
On the whole, most fatal accidents, independent of light condition, occur under normal road 
conditions (87.7 %), and vice versa, independent of road condition most fatal accidents occur 
during daytime (49.3 %). Then on the other hand, reduced visibility is a factor in 50.7 % of all 
fatal accidents. 

For Sweden, as earlier mentioned, a total of 16,947 (2002) accident occurred of which 490 
with fatalities [5]. Table 10 shows under what light- and road conditions these occurred. This 
statistics, as well as for the United States, are for all vehicles. 

Light Condition Fatal All Road Condition Fatal All 

Daylight 63.5% 66.3% Normal 60.2% 57.8% 

Dark 18% 11.8% Wet 21.6% 21.8% 

Dark but lighted 9.6% 13.7% Snow/Ice 15.5% 14.4% 

Dusk or Dawn 8% 5.8% Other/Unknown 2.7% 5.9% 

Dusk or Dawn but lighted 0.6% 2%    

Unknown 0.6% 0.4%    

Total 100% 100% Total 100% 100% 

Table 10 Light- and road conditions under which fatal accidents occurred in Sweden in 2002 [5] 

As for the United States, most accidents, both fatal and all together, occur during daylight 
(around two thirds) and under normal road conditions (around 60 %). This is somehow 
expected since most vehicles are on the roads under these conditions. It would be interesting 
to see these statistics related to the total number of vehicles on the road under the condition in 
matter. 

Furthermore, most truck accidents in Sweden occur in rural areas (68 %) [5]. Statistics from 
the United States show similar figures. According to [14] 67 % of all fatal heavy truck 
accidents occur in rural areas. 
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4 Sensors 
In this chapter, different sensors for detection and ranging that are applicable in vehicle 
applications, will be presented. Note that, when designing a sensor system, one must take into 
consideration other limitations as well, such as size, weight, power requirements, cost, etc. 
Especially in vehicular applications, cost is of most importance, and because of this, it may 
exist sensor systems with better performance than those used in vehicle applications. 

Furthermore, the radar sensor is an important part in the development of new DAS, and can be 
used for several applications. For this reason, a more thorough survey of the radar sensor, in 
comparison to other sensors, will be performed. Much of the information is relevant to other 
sensors as well, and hence, technologies presented in the radar section which are applicable to 
other sensors are referred to the radar section for explanation. 

Sensors are the key in the development of various DAS. Every function depends on, at least, 
one sensor to characterize the surroundings of the vehicle. Even though sensors probably are 
the most important issue, one must not forget that realizing collision avoidance (CA) systems 
requires interaction with other technologies, such as x-by-wire systems, appropriate human-
machine interfaces, etc. 

A typical system determines object attributes with a suite of sensors, develops a model of the 
scene around the vehicle, and issues a set of vehicle control commands depending on the 
desired system function. To develop this capability, the industry has been following a path 
similar to the one shown in Figure 4 [2]. 

 
Figure 4 System model [2] 

4.1 Radar 

The Radio Detection and Ranging (RADAR) sensor has a history that goes back to the 19th 
century [18], and its technology is therefore well known. Even so, the radar sensor undergoes 
an intense development, due to vehicular applications.  

Since radar mostly has been used in military applications, cost has not been of great 
importance. This is a hindrance to advance in a vehicular application, where a low cost sensor 
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is of most importance. Therefore, the development of radar sensors goes towards low cost 
technologies in order to facilitate the broad introduction in vehicular applications. 

4.1.1 General 

There exist many different kinds of radar categories, but in principle, they all provide the 
same measurements, namely: range, range rate, and azimuth angle. The different radar 
technologies and their specific advantages, respectively disadvantages, for performing these 
measurements will be dealt with later on. 

Generally, the advantages with radar sensors are the ability to detect objects in bad-weather 
conditions, and the insensitivity to dirt deposits. Radars also provide excellent speed and 
range accuracy. Furthermore, radar sensors are robust and have a good sensitivity for a wide 
number of targets [19] [20]. 

As mentioned, a number of objects in the environment reflect emitted radar signals, which is 
good but not always wanted. A big disadvantage with radar sensors is clutter (echoes from the 
natural environment [18]), and false reflections. The same phenomenon might also be caused 
by multipath propagation [19]. 

Another disadvantage is that the radars ability to measure spatial properties of an observed 
object is limited due to the relatively wide lobe, which makes the spatial resolution poor. 
Many of the sensors today also have a limited field of view (FOV) [19]. 

The result of above-mentioned disadvantages is that the sensors might react too slowly to 
sudden changes in the road segment ahead. It might also occur that a vehicle that suddenly 
comes into view will not be detected, or too late, since the sensors blind spot is too wide. 
Much of the development of radars sensors focuses on solving these problems. 

4.1.1.1 Waveform 

Radar sensors can be divided into two broad categories according to the transmitted 
waveform. These two categories are called Continuous Wave (CW) and Pulsed Radar. The 
major difference between them is that CW radars transmit continuously. On pulsed radars the 
antenna is shared, and as a result, the radar cannot receive any target returns whenever the 
antenna is switched to the transmitter [18]. 

The basis for the CW radar is the Doppler Effect, which makes determination of an objects 
speed possible. CW radars have one main advantage in comparison to conventional pulsed 
radars, and that is low measurement time. One disadvantage is that conventional CW radars 
cannot determine range [18] [21]. 

One example of radar that uses both waveforms is the pulse Doppler radar. It consists of the 
same components as conventional pulse radar with the addition of a CW oscillator. The pulse 
Doppler radar can provide the same information as the conventional pulsed radar. Moreover, 
with the aid of the CW oscillator, the speed of the target can be determined by using the 
Doppler Effect [18]. 

4.1.1.2 Modulation 

Frequency Shift Keying (FSK) modulation is a technique used in CW radars to overcome the 
inability of conventional CW radars to determine range. The method uses the so-called two-
frequency measurement. The transmit signal consist of two discrete frequencies which will 
contain a difference in phase information when received. The difference is the basis for the 
target range estimation [21]. 
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Although FSK radars solve the problem of range determination, it has a disadvantage. It does 
not allow object resolution in the range direction, meaning that multiple stationary objects 
cannot be resolved. This because a FSK waveform basically discriminates multiple objects by 
Doppler frequency, and when multiple stationary objects are present, determination of their 
positions are complicated by the multiple reflections and by multi-pass interference from the 
road surface and scattering points. However, this drawback can, to an extent, be overcome by 
tracking filters [21] [22]. 

Frequency Modulation (FM) technique is another way to determine range with CW radars. 
The FM method broadens the spectrum of the CW radar transmission by frequency 
modulating the carrier, since the inability of the CW radar to measure range is related to the 
relatively narrow bandwidth of its transmitted waveform [21] [23]. 

When more than one object is within view of the radar, the mixer output will contain more 
than one difference frequency. If the system is linear, there will be a frequency corresponding 
to each object, which determine individual object ranges. Linear FM waveforms can be used 
even in multi-object environments, but the extended measurement time is a central drawback 
of this technique, since typical linear FM-CW radar systems measure range, but range rate is 
obtained by differentiating range with respect to time. This can cause a delay in the range rate 
and the range rate data will be noisy if the range data is not well behaved [21] [24]. 

Some research is being carried out on combining the FSK and linear FM-CW waveforms [21], 
[25]. The new waveform will be able to detect stationary objects, and measure unambiguous 
target range and speed simultaneously. It will be able to do this even in a multi-object 
environment. It will also have the important advantage of short measurement and processing 
time. 

4.1.1.3 Operation Mode 

An active radar sensor (radar that both transmits and receives) can principally operate in three 
different configurations namely monostatic, bistatic, and multistatic mode. 

Radar that uses the same antenna for both transmitting and receiving is called monostatic 
(Figure 5a). A bistatic radar is one in which the transmitting and receiving antennas are 
separated by a considerable distance (Figure 5b). If several separated receivers are used with 
one transmitter, the radar is called multistatic (Figure 6) [18]. 

Sometimes the term transceiver is used. A transceiver is a combination of both transmitter and 
receiver in a single unit i.e. monostatic radar is also a transceiver. Note that the term 
transceiver does not require that the same antenna is used for transmitting and receiving. This 
signifies that transceivers not necessarily need to be monostatic. 
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Figure 5 (a) Monostatic radar; (b) Bistatic radar 

 
Figure 6 Multistatic radar 

4.1.1.4 Angle Determination 

By comparing properties of received signals, the azimuth angle to an object can be 
determined. How this is achieved depends on radar beam form. Basically, there are two forms 
– non-scanning2 beam and scanning beam. Non-scanning radar can either be single fixed 
beam or multiple beam and scanning radar is either mechanical or electronic [18]. 

In order to measure angle with a single fixed beam, reflections from a transmitted signal have 
to be received with more than one receiver. In this case the angle can be determined by 
comparing range from the different receivers to an object by triangulation techniques [26]. 
                                                 

2 Scanning is defined as moving a radar beam in a systematic pattern over a sector in search of a target. 
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Then there is the multiple beam variation of the fixed beam system. A feed at the focal point 
forms a beam parallel to the focal axis, and additional feeds displaced from the focal point 
form additional beams at angles from the axis. Each additional beam can have nearly full 
gain, and adjacent beams can be compared with each other to interpolate angle [18]. 

The most common form of multiple-beam system is monopulse. Monopulse systems only 
transmit one single pulse. Monopulse uses one transmitting channel and two, or four 
(depending on design), receiver channels. Modern monopulse systems only use one antenna 
with multiple feeds (one for transmitting and the others for receiving) whereas older 
monopulse systems have antennas physically separated by a few centimeters inside the unit. 
By combining selected properties (phase or amplitude) of the signals from the receiver 
channels, azimuth angle to an object can be calculated [18] [27]. 

The other way to determine angle is by beam scanning. As said, two different methods exist – 
mechanical and electronic. The difference between these is that in mechanical scanning the 
entire antenna is moved in the desired pattern, whereas in electronic scanning the beam is 
switched between a set of feeds (electronic scanning is therefore also sometimes called 
switched beam scanning). Several different scanning methods exist for both these methods, 
but will not be dealt with here [18]. 

4.1.2 Automotive Applications 

4.1.2.1 Millimeter Wave Radars 

The term Millimeter Wave Radar (mm-radar) refers to radars operating in frequencies from 
30 GHz to 300 GHz. Because of the smaller wavelengths, mm-radars can use smaller 
components. The smaller wavelength also allows narrow beam widths, which are produced by 
physically small antennas. The result is high angular resolution. Narrow beam widths are also 
important to avoid multipath effects [18].  

Furthermore, smaller wavelengths produce more information about the target (e.g., shape, 
size, and relative motion), since the energy reflected from a target is also a function of the 
wavelength. As an example, a Doppler frequency measurement at higher frequencies (i.e. 
smaller wave lengths) gives a more accurate speed measurement than at lower frequencies 
[28]. 

In addition, the high operating frequency also permits the use of very wide bandwidth signals, 
which allow high range resolution. The major disadvantage is that the cost is higher than for 
radars that operate at lower frequencies, mainly due to the lower demand for components at 
these frequencies. 

Usually using mm-radars mean degradation in heavy rain. However, the attenuation over 
required distance (around 200 m) is small. This is true for rain intensities up to the limit where 
the speed of the car should be reduced for many other reasons, such as capability of the 
wipers, risk for water planning etc. [29]. 

4.1.2.2 MMIC Radars 

Monolithic Microwave Integrated Circuits (MMIC) is an integrated circuit combining active 
elements (diodes and transistors) with passive elements (resistors, capacitors, inductors and 
transmission lines) on a single GaAs (gallium arsenide) substrate [30]. 

MMIC technology offers a number of advantages in comparison to conventional, such as 
Gunn diode, technologies. General advantages of MMICs are [20] [25] [31]: 
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• A reduction of the need for circuit tuning, meaning that calibration of radar and installation 
in the car are minimized 

• An overall reduction of the size of the front end module, and consequently also compact 
packaging compared to  Gunn diode technology (note that this is not always the case since 
the Bosch radar sensor, which uses Gunn diode technology, is one of the smallest on the 
market [32]) 

• An improved thermal stability and reliability 
• Increased manufacturability due to simple structure 
• Increased lifetime 
• Low cost 

4.1.2.3 Long Distance Radar 

Long Distance Radar (LDR) sensors in vehicle applications are defined as sensors that cover a 
range up to 120 – 200 m. Radar sensors used for this application operate at around 77 GHz 
and most of them have gone from using Gunn diode technology to using transmitters and 
receivers with MMIC design (i.e. MMIC mm-radars). The high frequency allows high antenna 
focusing as said before, which is required for the application. 

The use of lower frequency radars, such as 24 GHz radars, for long distance would require 
large antennas, which likely makes integration into bumper infeasible [33]. 

Higher frequency has more problems with attenuation of µWave propagation through plastic 
materials, e.g. bumpers, than lower frequencies. Therefore, some suppliers recommend for the 
radar sensor to be mounted visible in the front of the vehicle even though it is fully possible to 
mount them behind a plastic bumper. Another reason for not mounting them behind plastic 
bumpers is that metallic paint, which often is used on bumpers, reflects emitted radiation. 

Table 11 shows examples of long distance radar sensor data from different suppliers. 

Supplier 1 2 3 4 5 6 

Hardware MMIC Gunn diode MMIC MMIC NRD MMIC 

Azimuth 
angle 
detection 

monopulse 4 beams 3 beams mechanical 
mechanical       

8 beams 
5 beams 

Wave 
form 

FSK FMCW 
FM pulse 
Doppler 

FMCW 
FM pulse 
Doppler 

FMCW 

Speed 
(km/h) 

-250 to 250 -216 to 72 -88 to 265 -230 to 115 -50 to 200 -200 to 100 

Range 
(m) 

200 150 150 200 150 150 

Azimuth 
(deg) 

12 16 10.2 16 15 10 

Table 11 Radar sensor data from different suppliers 

4.1.2.4 Short Distance Radar 

Whereas practically all LDR sensors operate at 77 GHz, there exist Short Distance Radar 
(SDR) sensors at different operation frequencies. The frequencies 5.8 GHz, 17 GHz, 24 GHz, 
and 77 GHz are all considered. Due to cost reasons, the manufacturers want to use as low 
frequency as possible [20] [25] [31]. 

Common for SDR sensors used in vehicle applications are that they need high range 
resolution, large azimuth angle, and require short measurement and high detection update rate. 
Furthermore, in contrast to LDR sensors, only moderate antenna focusing is required [26]. 
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To acquire angle position with initial SDR versions two radar sensors were required, since 
they only were capable of delivering information about distances (single fixed beam 
measurements). New versions also provide angular data regarding the position of a particular 
object. This feature ensures that the signals can be processed more reliably. But it also needs 
to reliably recognize so-called “soft targets.” These are objects that radar detects unreliably or 
only at certain times, because of their small radar cross-section [15]. 

Radars operating at frequencies of 5.8 GHz are only suitable for close range (0 – 5 m) 
applications, such as parking aid. Unfortunately, they are not suitable to be used in vehicular 
applications due to their large antenna size. 

Sensors working at a frequency of 77 GHz are perfectly suited for the task of monitoring the 
area that extends 150 m in front of a vehicle. But these 77-GHz, long distance radar sensors 
have several limitations. As said, the radar lobe is very narrow, which means that a large 
number of sensors would be required to provide complete coverage of a vehicle’s 
surroundings. Even if the antenna was redesigned and made broader, it will probably never be 
a realistic chance to cover more than 60-120° with only one central sensor in front of the car 
33. 

Due to above-mentioned reasons and cost reasons, most of the manufacturers are instead 
focusing on 24 GHz radar sensors, since there is an economical design without MMICs and a 
mature production process. These sensors cover a minimum range of 0 – 40 m. For short 
distance applications, the antenna size is moderate, and integration into bumpers is feasible. 
And although its range is far shorter than that of the 77-GHz sensor, the system’s radar lobe is 
so wide that eight sensors can cover a car’s entire surroundings [15]. 

24 GHz radar sensors have acceptable µWave propagation through plastic material, and 
consequently they can be mounted behind plastic bumpers. When mounting these sensors 
behind bumper one should though, as for LDR sensors, take in to considerations reflections 
from metallic paint. 

Radars operating at 24 GHz meet US requirements but not European. In Europe, there is a 
proposal that will allow the use of 24 GHz radars in maximum 10 % of vehicle fleet up until 
2014, and after that change to 77 GHz [20]. 

Some voices [34] say that the use of 77 GHz can reduce costs since the same chipset can be 
used for both short- and long distance radars. However, today 24 GHz has to be regarded as 
the most economical solution. In a near future though, 24 GHz might be outnumbered by 77 
GHz. 

Data on SDR sensors is hard to come by, since they are in an early stage of getting 
commercially available. Therefore, no supplier sensor data is presented here. 

4.2 Lidar 

The previously presented radar sensor is an instrument for detection and ranging that uses 
radio waves. Instruments using other types of radiation can use the same principle as radar for 
detection and ranging. Lidar, laser radar, optical radar, and ladar are all synonyms used for 
"radar" systems utilizing electromagnetic radiation at optical frequencies (i.e. light) [35]. 

Laser stands for Light Amplification by Stimulated Emission of Radiation. Lasers, broadly 
speaking, are devices that generate or amplify light and cover radiation at wavelengths 
ranging from infrared (IR) range to ultraviolet. Laser radars are also called optical radars or 
ladar. Ladar stands for Laser Detection and Ranging [35]. 
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Another term generally used is Lidar, which is acronym for Light Detecting and Ranging. 
This term will be used in this thesis. Sometimes the term lidar is said to stand for Laser 
Infrared Detection and Ranging, but this is incorrect. 

4.2.1 General 

A lidar sensor is comparable to a radar sensor both in its basic functions and in performance 
[19]. The most important advantage for lidar sensors, in comparison to radar sensors, is cost. 
Lidars are one third to half as expensive as radars according to supplier information. Note that 
this is only the case in long distance applications. 

Furthermore, as radar sensors, but in contrast to image sensors, lidars are also relatively 
insensitive to lighting conditions [19]. 

Lidars have two big disadvantages. In comparison to radars, lidars are sensitive to dirt 
deposits, and consequently requires that a lidar is mounted, for instance, behind a windshield. 

Furthermore, lidars (common to all optical systems) experience performance degradation in 
bad weather conditions, the most severe of which is dense fog. Scattering attenuation through 
fog decreases at longer wavelengths, and therefore a lidar system operating in the far IR 
wavelength should be more immune to fog than one operating in the near IR wavelength [36] 
[37]. 

On the other hand there are several other factors affecting the choice of wavelength for a lidar. 
These include the reflectivity of typical targets, the cost of the system, and the maximum 
permissible laser light intensity allowable for eye safety [36] [37]. 

The scattering or absorption of light by rain or fog can reduce the optical power of the 
reflected laser beam to the point where acceptable detection performance can no longer be 
attained. Tests conducted in rainy weather show that, when following a preceding vehicle at a 
speed of 80 km/h, the maximum detection range was reduced by around 30% compared with 
performance obtained in fine weather [38]. 

There are three types of lidar namely range finders, DIAL, and Doppler lidars. Range finder 
lidars are the simplest. They can only be used on solid or hard objects and provide distance 
measurements. DIAL (Differential Absorption Lidar) is used to measure chemical 
concentrations and is of no interest in this work [35]. 

As for radar sensors the Doppler Effect is the basis for Doppler lidar, which makes it possible 
to measure the speed of an object. Doppler lidar can be used on both hard objects as well as 
on atmospheric objects. 

Furthermore, lidar sensors may be CW or pulsed and they may also be monostatic or bistatic 
(see Section 4.1.1.3). 

4.2.2 Automotive Applications 

For automotive applications pulsed, range finder lidars are used. The distance to a preceding 
object is obtained via so-called time-of-flight measurements. These measurements are based 
on the time delay between the transmitting and the receiving of a laser pulse. When knowing 
the time delay, ∆t, the distance, R, is given by 

2
Ct

R
×∆

=    (1) 

where: 

C = speed of light 
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By making several measurements (theoretically at least two) and comparing the distance an 
object travel between measurements, these lidars may also determine the speed of an object. 
To determine speed does not require much time even if an extra measurement is necessary, 
because a lidar can send thousands of pulses per second. Every reflected pulse can be detected 
before the next one is sent out as a result of the high speed of light. One example is the IBEO 
LD Automotive laser scanner. These laser scanners contain a measurement unit which uses a 
laser light pulse for optical time-of-flight distance measurement. The receiver picks up the 
light reflected by the target and calculates the distance to the target from the time between 
sending and reception of the light pulse. The angular resolution is mainly limited by the 
maximum laser pulse frequency. Current technology allows 0.25° angular resolution at 10 Hz 
scan frequency. This means that one scan (100 ms, 270°) consists of up to 1080 measured 
distances. In addition, the IPC (interprocess communication) can handle the scan data of up to 
three LD Automotive laser scanners, so that the scan area can be extended to 360° [39] [40]. 

Lidar sensors for automotive applications use two types of beam transmission systems. One is 
a fixed beam system, in which the orientation of the transmitted beam is constantly fixed. The 
second type is a scanning system, in which a narrow laser beam sweeps a pattern of a certain 
specified angle in the direction of potential objects [38]. 

There is a multi-beam variation of the fixed beam system. This employs several fixed laser 
beams in order to expand the scope of detection [38]. Multiple beams from a reasonably 
simple antenna would mean degraded radiation patterns with side lobes levels not low enough 
to detect a motorcycle in one lane at the same range as a heavy truck in another lane [29]. 

Two types of scanning methods exist. One employs a horizontal sweep and the other a two-
dimensional sweep. The scanning system can be seen as a further development of the multi-
beam approach. In addition to the multi-beam system, the scanning system is also capable of 
detecting the angle between the host vehicle and the object [38]. 

Scanning lidar sensors have the potential to provide much more detailed information of 
objects than radar sensors, and are less sensitive to clutter. This is because the beam of lidars 
is normally quite narrow, and measures several hundred azimuth angles and for several angles 
of elevation in one sweep. Thus, the lidar provides a pixel map that contains more 
information, and does not experience clutter to the same extent as radars due to the narrow 
beam [19]. 

Multi-beam lidar sensors FOV is restricted and these are therefore only suitable for long 
distance sensing, whereas scanning lidar sensors may be used for both short and long 
distance. 

In Table 12 lidar sensor data  [19] [42] [43] [44] from three suppliers is shown namely Alasca 
(developed by IBEO Automobile Sensor GmbH [41] and Hella KG Hueck & Co [42]), Denso 
Corporation (supplier of Toyota ACC sensor), and Omron Automotive. The lidar sensors 
from Denso and Omron are developed for long distance applications whereas the Alasca lidar 
sensor is to be used in short- and mid range applications. Hella also has a lidar sensor 
developed for long distance application using multibeam (16 beams) technology, but 
unfortunately no data is obtainable for this sensor. 
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Supplier Alasca Denso Denso Omron 

Generation - I II III 

Object tracking range (m) 80 120 120 150 

Range on 5% target
3
 (m) 30 - - - 

Reflecting targets (m) 256 - - - 

Azimuth (deg) 240
4
 16 36 30 

Table 12 Lidar sensor data from different suppliers [19], [42], [43], [44] 

4.3 Ultrasonic 

In the previous chapters, instruments for detection and ranging using radio waves (i.e. radar) 
and light (i.e. lidar) have been presented. In this chapter a short presentation of instruments 
using sound radiation to achieve the same measurements will be performed. 

As for lidar sensors different terminologies exist. Here, in contrast to lidar sensors, the 
technical terms are often used in a particular field. Two terms referring to instruments using 
sound waves for detection and ranging are sodar (Sound Detection and Ranging, or also 
correct Sonic Detection and Ranging), and sonar (Sound Navigation Ranging). 

4.3.1 General 

Sodars are used to measure the wind speed and direction, humidity, temperature inversions, 
and turbulence of the lower layer of the atmosphere. Active sodars do this by transmitting 
acoustic waves upward and measuring the Doppler shift in the backscattered acoustic signals. 
Sodar are sometimes inappropriately called acoustic radars. 

Sonar systems are similar to sodars except the medium is water. They detect the presence and 
location of objects submerged in water by means of sound waves reflected back to the source. 

Another term often used, in for instance vehicle applications, is ultrasonic (or ultrasound) 
sensors. The actual term ultrasonic refers to sound waves above the frequency range of human 
hearing, usually between 25 KHz to 50 KHz. 

It is mainly a matter of different applications although differences in the sensors exist. 
Essentially, all systems are like radar sensors except that sound waves instead of radio waves 
are used for detection. Hence, these sensors may have the same characteristics i.e. CW, 
pulsed, Doppler, monostatic, etc. (see Section 4.1.1). 

4.3.2 Automotive Applications 

In vehicle applications pulsed ultrasonic sensors are used. Ultrasonic sensors can be designed 
to receive range and Doppler speed data. However, the most commonly occurring and low-
cost ultrasonic sensors are those that measure range to provide vehicle presence data. The 
ultrasonic Doppler sensor that also measures vehicle speed is an order of magnitude more 
expensive than the presence sensor. 

Ultrasonic sensors are, like said earlier, similar to radar sensors. Accordingly, they follow the 
same principle for detection and ranging i.e. the distance is based on the time delay between 
transmitted and received ultrasonic pulses (commonly 40 KHz in vehicle applications). 
Normally, at least four sensors are used per bumper. The position of an object is then 
determined by triangulation technique [44]. 

                                                 
3 Targets with 5% reflectivity 

4 Depending on the mounting position 
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Ultrasonic sensors are suitable for detection ranges up to maximum 5 m due to low detection 
range and a low angle resolution [45]. Normally, ultrasonic sensors can measure distances up 
to 15 m, although 8 – 10 m is most common. Furthermore, stipulations for parking-aid 
devices demand that in addition to a vertical area (approx. 50º), that a wide horizontal area 
(approx. 120º) is scanned. This limits the monitoring distance to 2 m. 

The main advantages with ultrasonic sensors are that they have compact size and are easy to 
install. Moreover, pulsed ultrasonic sensors have low cost in comparison to other sensors. The 
main disadvantages are that they are sensitive to temperature and air turbulence, and that they 
are obscured by dirt. 

4.4 Image 

Image sensors basically provide the same information as a human eye i.e. they are suitable for 
detection and monitoring of objects. Measurements like speed and object extent can be 
supplied, depending upon the type of imaging processing technique used. Consequently, 
image sensors can be used in many different applications. 

General advantages with image sensors are wide FOV and ability of object recognition and 
determine object extent. Downsides are obscuration by dust and dirt, requirement of multiple 
sensors to extract object position, and poor speed measurement accuracy [20]. 

Other disadvantages are potential degradation by inclement weather, and that shadows and 
reflections from wet pavement, and light/dark transitions can result in missed or false 
detections. 

Charged Coupled Devices (CCD) has until recently been used as imaging sensors in vehicular 
applications. CCD sensors are only of restricted use in motor vehicles because of their 
light/dark dynamic response (50 dB), their readout time, and their temperature range (<50º C) 
[44]. Furthermore, the image processing is computationally demanding [16] [19]. 

A more suitable image sensor for vehicle applications is Active Pixel Sensors based on 
Complementary Metal Oxide Semiconductor (CMOS) technology. Active-pixel CMOS 
sensors permit random access to the individual pixels with simultaneously increased 
sensitivity (higher readout rate). CMOS sensors have on-chip ADC (analog-to-digital-
conversion) and image pre-processing, which make them less computationally demanding 
[25] [44]. 

High Dynamic Range (HDR) CMOS-cameras have a light/dark dynamic response (120 dB) 
that corresponds to the human eye. This allows the detection of large intensity variations, 
typical for all-day traffic scenes (e.g. driving out of tunnels, driving against sunrise, or 
approaching headlights). See Figure 7 for comparison with conventional CCD sensors. 
Further advantages in comparison to CCD sensors are less expensive production and higher-
quality images [25] [44]. 

 
Figure 7 Comparison of conventional CCD imaging (right) and HDR-CMOS imaging technology (left) 
[70] 
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An image sensor also can be used as a detection sensor and not only as a sensor giving 
information i.e. an image sensor can detect objects without showing an image of them. This is 
a solution used, for instance, in Volvo car’s BLIS (Blind Spot Information System) [46]. 

Basic, passive5 IR sensors give the same information as any normal camera. The difference is 
that an IR camera is sensitive to wavelengths typically to heat radiation (800 nm to 1100 nm) 
i.e. an image taken by IR sensors show heat radiation. Images taken with passive IR sensors 
are shown in Figure 8 [48]. 

   

Figure 8 Images taken with passive IR sensor [48] 

In this wavelength range, nearly all commercially available digital imaging cameras are more 
or less sensitive. Thus, IR vision systems in many ways have the same properties as normal 
vision systems [19] [47]. 

4.5 Conclusions 

This section will sum up information about general characteristics and general performance of 
sensors described earlier in chapter 4. This is done with the intention to illustrate the 
difference between different sensors. This information is shown in Table 13 and is based on 
sensors being used in automotive applications. 

Sensor Radar Lidar Ultrasonic Image 

Range (m) 120 – 200 80 – 150 5 6 – 100 

Azimuth (deg)     
Long distance 10 – 16 16 – 30 
Short distance 40 – 70 30 – 360*  120 30 

Advantage 

• Ability to detect 
objects in bad-
weather 
conditions 

• Insensitivity to 
dirt deposits 

• Excellent speed 
and range 
accuracy 

• Robust 

• Low cost 
(long 
distance) 

• Resolution 

• Low cost 

• Compact 

• Wide FOV 

• Object 
classification 

Disadvantage 

• High cost (77 
GHz) 

• Legislative (24 
GHz) 

• Sensitive to 
dirt deposits 

• Performance 
in bad-
weather 
conditions 

• Sensitive to 
dirt deposits 

• Limited 
distance 

• Poor speed 
and range 
accuracy 

• Same 
limitations as 
human eye 

Table 13 Comparison between different sensors 

* Depends on type of lidar sensor e.g. scanning or multi-beam. 

                                                 
5 Passive sensors do not transmit energy of their own. Active IR sensor is the same as near IR lidar. 
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5 Functions 
Toyota introduced their ACC in its Japanese-market Celsior luxury sedan in August 1997 
[49]. This was the world’s first advanced DAS [50]. Today, there are a vast amount of 
different DAS. 

Some of the most frequently discussed systems are described below. The systems are divided 
into the phases described in chapter 2, i.e. normal driving phase etc. In crash and post crash 
phases will not be dealt with here, since they are outside the scope of this thesis work. 

At the end of this chapter an overview of all functions is given. The aim is to show how one 
function expands into another. 

The names of the functions used in this report are those commonly used. However, other 
names for same systems can be found in other literature. 

5.1 Normal Driving Phase 

The main purpose for DAS in Normal Driving Phase is comfort and convenience features. 
Hence, DAS that operate in the normal driving phase normally provide information directed to 
the driver, but some systems may also provide support. 

5.1.1 Adaptive Cruise Control (ACC) 

ACC is a system that offers adaptive control of vehicle speed by means of automatic 
acceleration, deceleration, or braking. This results in a cruise control system with an 
additional ability to maintain the vehicle’s distance to preceding vehicle [44]. 

Figure 9 [16] shows the basic function of the ACC system. With no vehicle in front or vehicle 
in safe distance ahead, the own vehicle cruises at the speed which has been set by the driver 
(Figure 9a). If a vehicle is detected, ACC automatically adapts the speed in such a way that 
the safety distance is maintained (Figure 9b) by interaction with brake and accelerator. If the 
car in front leaves the lane the own vehicle accelerates to previously set speed (Figure 9c). 

The aim of ACC is to reduce the mental, and physical, workload of the driver, resulting in a 
more comfortable and attentive driving. ACC is primary a comfort system, but might, since 
the driver is released from some workload and may focus more on other driving tasks, also 
improve road safety. It should also be noted that the deceleration performed by the ACC 
system mitigates accidents. Furthermore, ACC could help preventing some accidents since a 
safe distance is kept (when possible). 

Take special notice that the driver, at all times, is responsible for controlling the vehicle. The 
ACC system can be overridden at any time by applying accelerator, and turned off by 
applying brake. 

Drivers can only activate ACC at speeds exceeding 30 km/h. Furthermore, maximum 
deceleration demand is restricted to around 2.5 m/s2 although higher values are possible. 
These restrictions are set due to limitations in the ACC system. 



Accidents, Sensors and Functions 

 28 

 
Figure 9 Basic function of ACC. (a) Normal cruise; (b) Deceleration and maintain distance; (c) 
Acceleration to preset speed [16] 

5.1.2 ACC Follow Stop 

With ACC Follow Stop function, the vehicle is able to follow a previously known preceding 
vehicle to a standstill. In other words, the host vehicle will be slowed down to a standstill if 
needed, instead of turning off at 30 km/h as in present ACC. 

5.1.3 ACC Full Speed Range 

With ACC Full Speed Range function, in addition to Follow Stop, the vehicle will be able to 
operate at low speed, i.e. not only follow a vehicle to a standstill but also recognize new 
targets at speeds under 30 km/h. 

This function also recognizes when the vehicle in front is starting to move again and could 
announce this with an acoustic signal. If the driver then wants to follow the preceding vehicle, 
he has to take action (e.g. step on the accelerator). 

5.1.4 ACC Stop & Go 

An unrestricted Stop & Go function, in addition to Full Speed Range, encompasses a fully 
automatic drive-away. 

The aim with advanced ACC functions is to allow ACC to operate in urban areas scenarios as 
well (e.g. traffic jam). 

5.1.5 Curve Speed Control 

Curve Speed Control is a system which identifies a curve before a vehicle has entered it. The 
information about the curve is used to inform/warn the driver so that he may adjust speed 

(a) 

(b) 

(c) 
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before entering. A supplement to the information is to automatically adjust the speed before 
entering a curve [51]. 

5.1.6 Traffic Sign Recognition and Speed Limit Assistant 

Traffic Sign Recognition (TSR) is the first step to a Speed Limit Assistant (Figure 10 [51]). 
TSR provides information to the driver about current speed limit and thus facilitate in keeping 
speed limit. A TSR system that is expanded with an ability to reduce the speed of a vehicle is 
called Speed Limit Assistant [51]. 

 
Figure 10 Speed Limit Assistant [51] 

5.2 Danger Phase 

In Danger Phase, the driver will be warned if a potential collision is detected with e.g. another 
car or obstacle. Complex scenarios like evading can be included as well as warn breaking i.e. 
this state could provide both warnings and support. 

A term often run into in this phase is Collision Warning (CW) systems. These are systems that 
provide all-around surveillance of the host vehicle. A CW system is in practice forward, rear, 
and side object detection systems working together [52]. 

5.2.1 Forward Collision Warning 

Forward Collision Warning (FCW) warns the driver of in-path obstacles when the host 
vehicle is moving in a forward direction, for instance when braking is necessary to avoid 
slower moving vehicle ahead. 

Warnings, which may be acoustic or optical, are only provided in hazardous situations i.e. 
they depend on certain thresholds such as Headway Distance (DHW) and relative speed to 
obstacle. The warnings usually increase gradually. In some cases, it may be possible for driver 
to adjust system sensitivity to their preferred driving style [52]. 

The aim with a FCW system is to warn the driver of a potential impending collision with an 
object in front of the host vehicle. This will allow the driver adequate time to take appropriate 
corrective actions in order to completely avoid, or mitigate, the collision. 

FCW systems may be more or less advanced depending on desired application. Simple FCW 
systems are often used together with ACC to provide warnings when the ACC system is 
unable to achieve necessary deceleration. 
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5.2.2 Rear Collision Warning 

Rear Collision Warning is similar to FCW. However, there are two different aspects. One 
feature consists of pure back-up aid while the other is rear object detection independent of 
how the host vehicle is moving. 

Back-up aid is basically like near field FCW (i.e. up to 5 m), only in reverse direction. 
Warnings are provided in the same manner. Back-up aid is mainly considered to assist the 
driver in detecting children, pets, and other small objects when backing and as an aid in 
parking situations [52]. 

More general rear object detection operates, in contrast to back-up aid and FCW, both when 
the host vehicle is moving (in forward direction or reverse direction) and is stationary. The 
intention is to enable other DAS (e.g. Lane Change Assistant). 

5.2.3 Blind Spot Detection 

Blind Spot Detection (BSD) systems are systems that detect potentially hazardous objects in 
blind spots of a vehicle. To make it more clear the field of vision of a heavy truck is shown in 
Figure 11. 

 
Figure 11 Blind spot areas of a heavy truck [9] 

As can be seen in Figure 11, some gaps exist in direct field of vision and in areas close to 
truck front. These are additional blind spot areas which do not exist in passenger cars. 

Generally, a BSD system in a car is a system monitoring area marked as number 4 in Figure 
11. If an object is detected in this blind spot, an acoustical, or optical, warning is provided. An 
alternative to warnings is to show the object on a screen. Such a system is, in cars, intended to 
aid in lane change (e.g. overtaking) situations. 
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In trucks, a BSD system also monitors additional blind spots in a truck; see Figure 11 for 
example [9]. Figure 12a and 12b show blind spots caused by the A-pillars blocking the sight 
and 12c shows blind spots not covered by a mirror. 

 
Figure 12 Examples of objects in blind spots of a heavy truck [53] 

For trucks, blind spots marked as number 4 in Figure 11 are a big problem when turning off a 
road or turning at intersections. Figure 13 shows two examples of objects hard to discover 
because of this blind spot. 

 
Figure 13 Example of objects in blind spot of a truck [53] 

In situations similar to those showed in Figure 13 practically the whole side, and not just the 
blind spot, is hard to monitor for a truck driver. For this reason, it is desirable that the whole 
truck side is monitored by sensors as well as blind spots (compare to Lane Change Warning). 
MAN is developing such a system which they call Turn-off Assistant [53]. 

5.2.4 Lane Change Warning 

For a complete Lane Change Warning (LCW) system it is important to not only discover 
objects in the blind spot but also all objects adjacent to host vehicle and objects on their way 
since these are areas difficult to monitor by the driver. 

Thus, LCW systems require surveillance of adjacent lanes, both nearby and in the rear. The 
system is also required to discover objects rapidly closing from behind, since it might indicate 
that they will overtake. This goes for both cars and trucks. 

If a lane change intention by the driver is detected (e.g. actuation of turn signal, steering 
wheel angle) an acoustical warning occurs. During the introduction of LCW systems, it is 
considered useful to display an optical warning located in the external rear view mirror as 
well even without lane change intention (i.e. as soon as object is detected). 

b
a 

c a 
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5.2.5 Lane Departure Warning 

LDW is a warning system that monitors lane markings and provides warnings to the driver by 
means of acoustic, optic or haptic feedback in case of lane departure. A display of lane 
position to the driver is optional.  

The prediction of a lane departure is based on certain thresholds like Time-to-Line-Crossing6, 
see Figure 14, actuation of the turn signals, steering wheel angle, and in some cases driver 
drowsiness and driver inattentiveness monitoring. The warning level may also be adapted to 
driver habit. 

 
Figure 14 Time-to-line crossing threshold for lane departure 

5.3 Crash Unavoidable Phase 

In Crash Unavoidable Phase, everything is done with the intention to completely avoid an 
accident. An autonomous intervention partly, or fully, overtakes the control of the vehicle in 
critical situations in order to avoid an accident. 

5.3.1 Lane Keeping Assistant 

Lane Keeping Assistant (LKA) is an expansion of LDW. The function of a LKA system 
includes the lane detection and the feedback to the driver if he is leaving a defined trajectory 
within the lane. In addition to this, an active steering wheel can help the driver with a force 
feedback to keep on this trajectory.  

5.3.2 Lane Change Assistant 

Lane Change Assistant (LCA) is a system capable of intervening, keeping the host vehicle in 
its lane, if hazardous objects are detected when the driver has commenced a lane change 
maneuver. In other words, LCA is a LCW system with the possibility to autonomously 
intervene. 

                                                 
6 Time until any part of the vehicle reaches lane boundary. 
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5.3.3 Brake Assistance 

Brake Assistance (BAS) is a function which automatically builds up full brake pressure in 
emergency-stop situations i.e. the function monitors brake usage and, having identified an 
emergency, automatically builds up full brake pressure – even if the driver fails to press the 
pedal with sufficient force. The aim is to shorten the stopping distance so that an accident can 
be completely avoided, or in case of an accident occurring, to reduce the severity of an 
accident by reducing vehicle speed [54]. 

Even though it is designed to avoid accidents and hence should be categorized as a CA system 
(i.e. a system that operates in collision avoidable state), this function is generally seen as a 
CM system since it is unable to completely avoid accidents without the driver reacting to an 
impending threat. 

5.3.4 PreCollision 

PreCollision is an activation system for restraint devices [32] i.e. the system identifies an 
imminent collision and automatically activates desired restraint device. Devices intended to 
be affected are seat belt tensioners, airbags, and brakes.  

In an initial phase this function supplies extra data, prior to the collision, which aids in the 
decision on whether, and which, devices that should be triggered. The function offers 
improved recognition of both the severity and the nature of an impending accident [32]. 

The second step activates reversible restraint systems (e.g. seat belt tensioners) before a 
collision. Tightening of seat belts, for instance, results in prevention of the forward movement 
of the occupants during the initial phase of an accident [32]. 

The brake system could also be affected during the second step. By pre-pressurizing the 
brakes and thus eliminating the pressure build-up time in case braking is necessary, the brake 
response time could be considerable affected. 

PreCollision systems can be seen as a bridge between passive safety and active safety. In 
present design, this system is directed towards frontal accidents only, even though the 
principle is fully applicable to other accidents as well. PreCollision, in general, aims at 
reducing damages and injuries caused by accidents. 

5.3.5 Automatic Emergency Brake 

Research studies show (also see Section 3.3) that in extreme situations, drivers react in many 
cases either too late or in a wrong way. In those cases, when a collision is unavoidable, the 
best procedure is to apply the brakes with the maximum force in order to minimize the 
consequences of the accident. 

Automatic Emergency Brake (AEB) function applies the brakes, without the driver taking 
action (in contrast to BAS), when an unavoidable collision is identified. The aim is to reduce 
the severity of an accident (damages and injuries) by reducing vehicle speed. 

AEB will probably be introduced gradually. The first generation will only react to well known 
obstacles i.e. non-stationary obstacles which have been detected earlier and tracked for a time. 
The second generation will also react to suddenly appearing non-stationary obstacles. The 
third generation will be able to intervene in case of suddenly appearing stationary obstacles 
[55]. 

A further extent would be to completely avoid an accident. This, what could be called fourth 
generation AEB, is capable of performing both automatic braking and steering i.e. avoid 
collision by braking or avoid collision by steering. 
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5.4 Summary 

This section gives a summary of the most important characteristics of all functions mentioned. 
The aim is to more clearly show how one function is expanded into another. The functions are 
divided into functions that are mainly acting in lateral direction and functions mainly acting in 
longitudinal direction. 

Lateral functions are shown in Table 14 and longitudinal functions are shown in Table 15. 

Function Characteristics 

Lane Departure Warning (LDW) 

• Warns the driver if the vehicle is about to 
leave its lane 

• Is deactivated if intentional lane change is 
detected 

Lane Keeping Assistant (LKA) 
• Capable of intervening if driver does not 

respond to warning from LDW 

Blind Spot Detection (BSD) • Monitors blind spots 

Turn-off Assistant (TOA) 
• Monitors areas hard to cover by driver when 

truck is turning 

Lane Change Warning (LCW) 
• Monitors that no other vehicle is alongside or 

on its way to drive by 

Lane Change Assistant (LCA) 
• Capable of intervening if driver does not 

respond to warning from LCW 

Table 14 Lateral functions 

Function Characteristics 

ACC 
• Cruise control capable of maintaining preset 

distance 

• Can be activated at speeds over 30 km/h 

ACC Follow Stop (ACC FS) 
• Can be activated at speeds over 30 km/h but 

is also capable of following preceding vehicle 
to a standstill 

ACC Full Speed Range (ACC FSR) 
• Can also be activated at speeds under 30 

km/h 

ACC Stop & Go (ACC S&G) 
• Capable of automatic drive-away after 

standstill 

Curve Speed Control (CSC) 

• Identifies curve and gives information about 
suitable speed 

• Could be expanded with capability to adjust 
speed 

Traffic Sign Recognition (TSR) 
• Identifies traffic signs and gives information 

about e.g. speed limit 

Speed Limit Assistant (SLA) 
• Identifies speed limit (e.g. TSR) and, if 

exceeded, adjusts speed 

Back-Up Aid (BUA) 
• Assists driver in backing (e.g. parking) by 

detecting objects 

Brake Assistance (BAS) 
• Builds up full brake pressure even if the driver 

does not apply his brakes sufficiently 

Forward Collision Warning (FCW) 
• Warns the driver of in-path obstacles 

• 1
st
 generation has no big effect on object 

suddenly appearing (e.g. cut-in) 

PreCollison (PC) 

• Identifies an imminent collision and 
automatically activates desired restraint 
devices e.g. seat belt tensioners, airbags, and 
brakes 

Automatic Emergency Brake 1st gen (AEB1) 
• Determines when a collision is unavoidable 

and applies the brakes 

• Only manages well known obstacles 
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Automatic Emergency Brake 2nd gen (AEB2) 
• Manages suddenly appearing moving 

obstacles (e.g. cut-in) 

Automatic Emergency Brake 3rd gen (AEB3) 
• Manages suddenly appearing stationary 

obstacles 

Automatic Emergency Brake 4th gen (AEB4) • Capable of avoiding obstacle by steering 

Table 15 Longitudinal functions 

Figure 15 shows the expansion of all functions visually where consideration is taken to the 
degree of complexity and the degree of safety enhancement. Solid lines represent longitudinal 
functions and the dashed lines represent lateral functions. 

 
Figure 15 Development of functions 
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Part II:                  
Relations Between 
Accidents, Functions and 
Sensors 
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6 Introduction to Safety Functions 
In this chapter accidents will be associated with functions, and functions with sensors, i.e. 
which functions may prevent an accident in matter, and which sensors are required for this 
function to work properly. The potential effects of DAS will also be presented. The aim is not 
to describe all systems in detail and this chapter should be seen as a discussion. 

More than 90 % [12] [56] of all accidents are partly the result of driver error and 75 % are 
fully the result of driver error [56]. Thus, there exists a great opportunity to reduce the number 
of accidents by introducing different DAS. 

It has been estimated that large-scale implementation of CW and CA systems has the potential 
to reduce road fatalities up to 80 %, but at most they are estimated to reduce around 45 % of 
all fatalities [57] [58]. However, these predictions should be treated with caution since they 
are only estimations and not evaluation of the potential effect. 

Generally, all figures presented in this chapter need to be taken as estimates, since it is 
difficult to accurately predict a systems behavior. To do this, evaluated accidents have to be 
divided into its smallest elements, which is not possible to get from obtainable accident 
statistics. 

It seems reasonable to prevent accidents occurring more often than others do, but it could 
possibly be even more important to prevent those resulting in severe outcomes. For instance, 
an accident type might occur more often than any other type but only results in minor injuries 
in most cases, while another type occur less often but more often results in fatalities. Which 
accident is more important to prevent? Most people would probably say the latter, but this is 
perhaps not always best. 

The answer of the above-stated question depends on many factors. As an example, minor 
injuries might cause higher cost for the society and might therefore be more important to 
prevent. Accident types might also correlate. This question is not easily answered but 
important to have in mind. A further exposition of this question is beyond the scope of this 
report and is therefore left without further discussion. 

Furthermore, different vehicles have different problem areas, which is important to consider 
when deciding on which system is most important to implement. 
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7 Accident – Function 
The functions will be analyzed on the basis of accident direction i.e. functions that prevent 
accidents in lateral direction and functions that prevent accidents in longitudinal direction. 
Only those functions earlier presented are considered. 

7.1 Lateral 

The aim for functions preventing lateral accidents is single vehicle accidents and side 
collisions. Hence, the total potential for these functions is almost two-fifths (14 % single 
vehicle and 24 % side collisions, see Figure 3, Section 3.3) of all accidents with fatalities or 
severe injuries. 

The single vehicle accident consists of road departure and rollover accidents. For a single 
vehicle road departure accident to happen, the vehicle must leave its lane unintentionally. The 
cause is often inattention or drowsiness. Another cause is high speed in curves. High speed in 
general could also be a cause. Rollover accidents are mainly triggered either by braking or 
rapid steering movements [12], which often is the reaction when a vehicle is on its way to 
depart from its lane. 

Thus, systems that help the driver to stay in his lane and suggest safe speeds for the road 
ahead (especially curves) prevent both road departure and rollover accidents. 

Of the previous presented functions LDW, LKA, Curve Speed Control, and TSR/Speed Limit 
Assistant could prevent single vehicle accidents. 

These systems could apply to other accidents as well. LDW and Lane Keeping Assistance, for 
instance, both prevent side collisions, whereas Curve Speed Control and TSR/Speed Limit 
Assistant also prevent longitudinal accidents. 

LDW alone could apply to about 38 % of all single vehicle road departure accidents according 
to [12]. This corresponds to about 4 % of all accidents. According to [59] 5 to 10 % of all 
accidents with fatalities or severe injuries could be prevented by LDW. 

Side collisions consist of collisions with other vehicles and collision with unprotected, where 
collision with vehicles could be further divided into lane change accidents and intersection 
(other vehicle front vs. truck side) accidents. Collision with unprotected stands for around 13 
% of all accidents with fatalities or severe injuries and collision with other vehicles stands for 
around 12 % (about 9 % intersection and 3 % lane change). 

Besides systems that help the driver stay in his lane, systems monitoring the direct vicinity of 
truck side i.e. truck front corners and whole truck sides could prevent side collisions. Thus, 
BSD, LCW and LCA are of interest. 

LCW could play a role in 96 % of all lane change accidents according to [12], i.e. in almost all 
lane change accidents which stand for 3 % of all accidents with fatalities and severe injuries. 

Implementation of lane keeping systems in general could result in up to 35 % reduction of 
fatalities depending on the type of road according to [57]. NHTSA on the other hand 
estimates that all lane change accidents could be reduced by 50 % by these systems, whereas 
[56] refers to a study made in the Netherlands which says that all side collision could be 
reduced by 37 % and single vehicle accidents could be reduced by 24 % with implementation 
of lane keeping systems. 
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The most important areas to cover by BSD would, according an analysis of 21 collisions with 
unprotected made by ACEA [17], be right hand front corner and the front of a truck, and at 
relatively low speeds. 18 of totally 21 collisions in the analysis occurred when a truck 
accelerated from a standstill. 19 occurred when a truck made a right hand turn, 13 were 
impacts on right hand front corner of truck and 6 impacts on the front. In other words, 
accidents analyzed in this study in many cases occurred when a truck accelerated from 
standstill and negotiated a right-hand turn. 

Furthermore, no signs that type of unprotected (pedestrian, cyclist etc.) influences point of 
impact were found. 

The analysis also shows that at least 12, but more likely 16, of the 21 cases could benefit from 
BSD. This statement holds for impacts on truck front and truck front corners. Assuming that 
LCW has the same potential on turn-off accidents where unprotected also are vulnerable, it 
would imply that 76 % of all collisions with unprotected where blind spot has potential 
influence could be affected by these systems. Since side and front collisions with unprotected 
stands for 20 % of all accidents, a combined BSD and LCW system could potentially prevent 
15 % of all accidents. 

According to [59] 10 % of all accidents with fatalities or severe injuries could be prevented by 
implementation of BSD and LCW, whereas [8] shows that only 1 % of all collisions with other 
vehicles are prevented. This shows that, in most cases, it is probably unprotected which will 
benefit most from these systems. 

To prevent intersection accidents, systems that warn the driver when a potential for such 
accidents exist are needed. These systems are required to measure the speed and the position 
of the host vehicle relative to the intersection. They are also required to measure the speed and 
the position of vehicles in the vicinity [12]. 

None of the presented functions do this, but research is being conducted. The intersection 
accident problem is complex and must have infrastructure cooperation to work properly, i.e. 
in-vehicle technology only, is not sufficient [12]. 

Reducing intersection accidents (all intersection accidents not just with trucks involved) by 10 
% would save 1200-1300 lives per year in Europe [60]. 

If all statements are analyzed some conclusions can be made. First, about 30 % of all 

accidents are targets for lateral functions since they cannot prevent intersection accidents. 

However, the real potential should be lower, estimated to 20 to 25 % since not all accidents 

can be affected due to different reasons. LDW, LCW, and BSD are considered to have most 

impact on accidents of this kind and are together estimated to prevent 10 – 20 % of the 

accidents. 

However, the reader should be aware that other systems capable of preventing this sort of 

accidents, that rely on internal sensing (which are outside the scope of this report), exist e.g. 

Electronic Stabilization Program (ESP). 

7.2 Longitudinal 

The aim for functions preventing longitudinal accidents is frontal or rear impact collisions. 
Hence, the total potential for these functions is about 60 % (14 % rear impact collisions and 
around 46 % front impact collisions) of all accidents with fatalities or severe injuries. 

Rear impact collisions are the result of either backing accidents or other vehicles running into 
truck rear i.e. rear-end collision. 5 % of rear impact accidents are with unprotected and 9 % 
with other vehicles. 
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Systems monitoring the rear end of the truck could have potential reducing backing accidents, 
but the number of rear-end crashes (another vehicle running into truck rear) would still be 
unaffected. Truck occupant injuries could possibly be mitigated in rear-end crashes if 
information from systems monitoring truck rear, especially vehicles approaching truck from 
the rear, is used to pre-fire restraint devices such as seat belt tensioners. 

If assumed that the number of backing incidents at least is equal to the number of accidents 
with unprotected, the potential in preventing rear accidents would be 5 %. In the additional 9 
% injuries could potentially be mitigated. 

Frontal impact collisions consist of collisions with other vehicles and collision with 
unprotected, where collision with vehicles could be further divided into oncoming accidents, 
rear-end (truck front vs. other vehicle rear), and intersection (truck front vs. other vehicle 
side) accidents. Collision with unprotected stands for around 8 % of all accidents with 
fatalities or severe injuries and collision with other vehicles stands for around 39 % (about 18 
% oncoming, 7 % rear-end, and 14 % intersection). 

As for functions preventing lateral accidents, these functions have little, or no, impact on 
intersection accidents. 

Incidents with unprotected could be prevented by a BSD system monitoring truck front. This 
has already been discussed in the lateral section. 

FCW, BAS, and AEB could all be effective in preventing rear-end accidents, since these are 
caused by the fact that drivers in many cases do not detect a preceding slow moving, or 
stationary, object, and when they do, fail to, or do not fully, apply their brakes. To be more 
precise, 50 % fails to apply the brakes and 30 % do not apply the brakes fully. 

Thus, BAS should have the potential to prevent 30 % of all rear-end collisions i.e. 2 % of all 
accidents with fatalities or severe injuries. According to [8] BAS alone is capable of 
preventing 4 % of all collisions with other vehicles (corresponds to 2.5 % of all accidents) and 
reducing injuries by 33 %. 

68 % of all rear-end collisions occur when drivers are distracted according to a study done by 
NHTSA. Tailgating is blamed for 9 % and a combination of distraction and tailgating is 
responsible for an additional 11 %. This means that sensor technology could play a role in 
preventing 88 % of all rear-end accidents [15]. 

The systems effective in preventing rear-end accidents could be applicable for oncoming 
accidents as well. These systems cannot be considered to affect oncoming accident to the 
same extent, since the course of events is different from rear-end accidents. Moreover, sensors 
used by, for example, FCW might not be able to detect oncoming vehicles since they often 
suppress these due to different reasons. 

When analyzing potential of FCW, it is interesting that between 70 to 90 % of all drivers react 
to warnings given by CW systems [57]. Of course, not all drivers will take appropriate 
actions. According to [58], 85 % of the drivers react (in this case applied the brakes) within 
1.18 s if a warning is given. 

It should be remembered that indications exist that about 60 % of rear-end accidents and 
about one third of oncoming accidents would not occur if the driver could react 0.5 s earlier 
[16]. This corresponds to about 10 % of all accidents with fatalities and severe injuries. 

On the other hand, according to [8], FCW systems are capable of preventing 9 % of all 
collisions with other vehicles and reduce injuries by 11 %. 9 % corresponds to 5 – 6 % of all 
accidents. 
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Furthermore, according to NHTSA, FCW systems can theoretically prevent 37 –74 % of all 
police reported rear-end crashes [61], whereas [12] estimates that FCW is capable of 
preventing 49 % of all rear-end accidents. 

Thus, oncoming and rear-end (truck front vs. other vehicle rear) accidents are targets for FCW 
systems. They represent about one fourth of all accidents with fatalities and severe injuries. 
FCW could be estimated to have the potential to prevent around 90 % of these i.e. 22 – 23 % 
of all accidents. 

Even if a driver reacts to a warning, in many cases, he only brakes softly. In those cases, 

when FCW alone cannot prevent an accident, FCW combined with BAS could be of help. The 

potential for FCW and BAS combined is 5 % of all accidents whereof up to 60 % (i.e. up to 3 

% of all accidents) could be prevented, but most likely 1 – 2 % is prevented. 

Hence, forward-looking BSD, BAS, and FCW have the potential to prevent 15 – 20 % of all 

accidents with fatalities or severe injuries. 

The remaining part of oncoming and rear-end collisions, 5 – 10 % of all accidents, is target 
for AEB. However, the potential is lower, estimated to be no more than 5 % of all accidents. 
Note that AEB by definition only mitigates collisions and does not prevent them. 

7.3 Summary 

ACC is a comfort system. ACC reduces the drivers’ workload, which results in more attentive 
driving; it performs braking and keeps a safe distance to preceding vehicle. This should result 
in fewer accidents overall. ACC would then apply to all accidents. According to [8], it is 
estimated that ACC prevents 1 % of all accidents with other vehicles and reduces injuries by 1 
%. 

ACC could of course have the opposite effect on some drivers, which would lead to a more 
inattentive driver, causing more accidents. In such a case, driver drowsiness monitoring would 
be of use. Driver drowsiness monitoring in general, could be said to reduce all types of 
accidents, since it also enhances the performance of some systems. In [8], no effectiveness of 
driver drowsiness detection on collision with other vehicles was detected. 

Table 16 summarizes the analysis made in previous sections. 60 – 65 % of all accidents with 
fatalities or sever injuries are targets (accidents systems aim to affect) for these systems since 
the function are assumed to have no impact on intersection accidents. They have the potential 
(accidents systems could affect) to prevent 40 – 50 % of all accidents whereas 20 – 40 % is 
estimated to actually be prevented (avoided). 

In the beginning of this chapter, a statement was made that driver assistant systems are 
estimated to have a potential to prevent 45 % of all fatalities. It can be concluded that the 
analysis of available accident data shows similar results 

Function Target Potential Prevent 

BAS <3 % 3 % 2 – 3 % 

FCW <25 % 23 % 5 – 10 % 

FCW + BAS <3 % 3 % 1 – 2 % 

AEB <10 % 5 % 0 % (by definition) 

BSD <20 % 15 % 5 – 10 % 

LDW <20 % 12 % 5 – 10 % 

BSD + LCW <25 % 20 % 5 – 15 % 

LCW <15 % 15 % 1 – 5 % 

Total 60 – 65 % 40 – 50 % 20 – 40 % 

Table 16 Analysis of functions preventing accidents 
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8 Function – Sensor 
There are several sensor types that have or could be used in automotive applications. Included 
among them are acoustic, optical (visual, laser, and IR), and radar. 

Radar sensors are far ranging but their angle resolution is poor. This makes them suitable for 
distance warning systems, tracking systems and stop & go assistants when driving in simple 
structured streets like highways or freeways [45]. 

Instead of a radar sensor, lidar sensors are sometimes used to perform the same tasks. The 
choice depends on the designers’ philosophy: proponents of lidar say that a collision-warning 
system should not work far beyond what the driver can see. This would only encourage 
people to drive too fast in conditions of poor visibility and possibly lead to crashes if the 
collision-warning system fails to detect an obstacle. Conversely, proponents of radar say that 
it is in conditions of poor visibility that the driver needs the most help [37]. 

Object detection can potentially be enhanced if a radar system is used together with an image 
sensor. The image sensor gives a larger FOV and the use of visual symmetry detection 
corrects the typically bad lateral accuracy of radar targets. Conversely, the radar sensor 
provides the longitudinal distance since image sensors have poor longitudinal distance 
measurements. 

The plan for the future is to initially integrate long distance sensors (i.e. ACC sensors) with 
short distance sensors (e.g. 24 GHz radar sensors). With ACC sensors, target range and 
velocity are measured simultaneously with high resolution and accuracy. Alas, measurement 
and processing time is approximately 100 ms. New DAS require higher reliability (low false 
alarm rate) and short reaction time and because of this short distance sensors are needed. 
Together, these sensing systems will have the ability to perform object detection and tracking 
up until the actual time of impact [2] [21]. 

The next step is to integrate image systems to provide object classification. This feature will 
provide the remaining information needed for CA [2]. 

Driver preferences must be taken into account as well. One driver may not want to be warned 
until the threat is severe while another driver may want to be notified at the slightest hint of 
trouble [52]. 

The sensors will be analyzed on the same basis as the functions i.e. accident direction. Only 
those functions earlier presented are considered. 

8.1 Lateral 

Functions aiming at preventing lateral accidents i.e. single vehicle and side collision accidents 
basically require sensors monitoring the direct vicinity of truck side, sensors detecting traffic 
signs, sensors capable of characterizing curves and sensors that detect lane markings. Usually 
a curve is characterized by static objects like guard railings, pillars, trees, buildings, etc., that 
marks the curve contour (Figure 16) [51]. 

A long distance radar or lidar sensor is capable of detecting the above-mentioned object with 
its main characteristics like position, width, and relative speed. This information produces a 
representative, though simple, picture of the situation, which makes it possible to implement a 
curve contour algorithm to identify the distance to the curve and the curve radius [51]. 

However, information from a digital map (navigation) or an image system could significantly 
improve the detection reliability of relevant stationary objects. It is also advantageous to use 
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an image sensor or navigation since these sensors can be used to detect, and recognize, traffic 
signs. The major advantage of image sensors to navigation systems is the updating of the data 
(if the navigation system works with static data). 

 
Figure 16 Normal curve in a rural road [51] 

These data obtained from either navigation or image sensor can also be merged with 
information provided by the yaw rate sensor and the recognition of the road boundaries 
calculated by the long distance sensor to provide additional information [51]. 

The detection of the lane markings are in most cases made with image sensors, although it 
would be possible to detect the lane marking with other sensors as well. When using image 
sensors, it may require complementary/support infrastructure investments (e.g. better lane 
markings) in order to be able to make use of a LDW system in full. 

LDW systems today have cameras mounted in such a way that they can detect lane marking at 
a distance of 6 – 25m in front of the vehicle. This because the restricted light/dark dynamic 
response of the cameras. With new High Dynamic CMOS cameras, it will be possible to 
detect lane marking at a distance up to 100m. It is then possible to use the same cameras for 
LDW, Curve Speed Control, and Speed Limit Assistant. 

Limitations of LDW systems are that curve radius has to be larger than 100m and vehicle 
speed has to be between 60 – 160 km/h. Due to this, LDW systems are suitable to be used in 
highways and rural roads. Another disadvantage is that the image systems used have the same 
limitations as the human eye. They do not see the lane markings if they are covered (with 
snow for instance). 

Present LDW systems are also struggling with that they give off warnings much too often, 
which lead to drivers disregarding warnings. A reduction of redundant warnings can be made 
with driver drowsiness and driver inattentiveness monitoring i.e. not to warn the driver if he is 
aware of lane departure (to an extent) [62]. 

The detection of lane boundary can also assist the other external sensors in identifying 
whether obstacles are within (or out of) the host vehicle's lane [25]. 

For a LCW application only detection with precise distance measurement of an object is 
required, and consequently many different sensors can be used [26]. It should be remembered 
that LCW also requires a long distance sensor monitoring the rear. 
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Mostly used today in LCW to cover truck side (i.e. short distance sensor) are 24 GHz radar 
sensors. MAN has tested lidar sensors as well for this function [10] [39], but it appears that 
these were not satisfactory. 

LCW systems today are only required to detect vehicles in the range of motorcycles to trucks 
with a relative speed lower than 15 km/h. Furthermore, the system is only activated at speeds 
exceeding 30 km/h. 

However, ability to detect bicycles or pedestrians as well at speed under 30 km/h is desirable 
since many accidents between trucks and unprotected occurs when a truck carries out a right 
turn. Then, the same sensors can be used for LCW and, what MAN calls, Turn-off Assistant. 

The task for a BSD system is to detect, and possibly even show, all objects (especially 
unprotected), in obscured areas in the surrounding areas of the front, and front corner, of a 
truck. Thus, the same sensors are required for accidents occurring in both lateral and 
longitudinal direction. For this reason, BSD will not be mentioned under longitudinal section. 

One solution is image sensors showing the driver information about these areas on a screen. 
This is a solution used by Volvo [9]. Another solution could be an optical warning suitable 
placed e.g. on the A-pillar if the aim is to warn the driver about objects obscured by the A-
pillar. 

Moreover, a steer-by-wire system is required to enable implementation of LKA and LCA. 
Steering in a straight line is almost effortless with today’s vehicles. Vehicles equipped with 
LKA though require that the steer-by-wire system make possible for a vehicle to be easily 
steered even in a curve. 

8.2 Longitudinal 

Functions aiming at preventing longitudinal accidents i.e. oncoming, rear-end, and backing 
accidents (frontal impacts with unprotected are disregarded here since sensor requirements for 
BSD has been described in the lateral section) basically require sensors detecting objects both 
far and near truck front and near truck rear, and sometimes also sensors classifying these 
objects. 

Also sensors required by ACC functions will be dealt with in this section since these functions 
work in longitudinal direction. 

ACC needs a detection sensor to measure the distance, the relative speed, and the relative 
position of the preceding object. The resolution and accuracy of the measurements, even in 
multi-target situations, have to be high. The sensor is required to detect relevant objects at a 
distance of 120 – 200m with an azimuth angle of 10º although 15º is desirable when counting 
for tolerances. 

Yaw-rate sensors can be used to determine roadway curvature, but only when the host vehicle 
is already in the curve. For scenarios such as curve entry or curve exit, image sensors will 
probably be needed [52]. 

Possible detection sensors that fulfill requirements for ACC application are mm-radar and 
lidar sensor. Most commonly used today are radars due to their wider working capabilities 
against adverse environmental conditions and longer detection range than lidars even though 
lidar is used by, for instance, Toyota. 

Lidars would potentially be even more interesting in heavy trucks, since ACC is not required 
to perform at high speeds. If a time gap of 3 s is required at 90 km/h the sensor is required to 
detect targets at a distance of at least 75 m (90 km/h = 25 m/s gives 75 m in 3 s). However, 
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some margin is desirable for the ACC system to behave acceptable (e.g. deceleration and fuel 
consumption), where some 10 to 15 m more is realistic (correspond to about half a second). 
Hence, ACC operation in a heavy truck could be possible with a detection range of 85 – 90 m. 

Most lidars have a detection range of 120 m which is sufficient for ACC used in heavy trucks. 
Counting for a 30 % reduction in bad weather conditions (as stated in Section 4.2.1), the 
range is reduced to about 85 m. Still, this could be sufficient for heavy trucks. 

Even so, other disadvantages of lidar sensors should be considered (such as costumer 
demands) and it should be kept in mind that lidar sensors are less tested and evaluated. 
Nevertheless, lidars are potentially an interesting option in heavy trucks due to cost reasons. 

Cut-in situation (other vehicles pulling in closely in front of the vehicle) is a problem for 
conventional ACC systems, because the FOV is narrow and thus do not fully cover the area in 
front of the vehicle, resulting in late response from the ACC system. 

For an advanced ACC system, the sensor has to be able to detect unambiguous stationary 
objects in the own driving path [51]. This means two of the fundamental steps towards future 
ACC are: reliable information about stationary objects and a wider FOV, although only in the 
near range [25]. 

Table 17 [22] shows development of ACC systems. 

ACC Sensor 

Function Requirements Specifications 

Longitudinal controllability 
ACC should have smooth control up to the 
maximum distance 

Maximum distance 
Relative speed 
accuracy 

Controllability in cornering 
ACC should track target vehicles on a curved 
road 

Field of view 

Target vehicle recognition 
ACC should judge if whether the forward vehicle 
is critical or not 

Azimuth angle 
accuracy 
Distance accuracy 

Controllability for a cut-in 
vehicle 

ACC should response quickly to a cut-in vehicle 
Field of view 
Short delay time 

Future ACC systems ACC should operate as stop and go system Minimum distance 

Table 17 Development of ACC systems [22] 

ACC Follow Stop is the first step towards advanced ACC systems. This function requires that 
the sensor is capable of following an object to standstill. Today’s ACC sensors should not 
have any problem with this and hence no further sensor should be required (the first ACC 
sensors were not capable of this). 

The implementation of Full Speed Range requires an additional short distance sensor since 
the function requires detection of new objects at speeds below 30 km/h. It is also required to 
detect stationary objects with high reliability i.e. distinguish between irrelevant and relevant 
object in the region of interest. The sensor is probably required to have a FOV of 
approximately ± 30º and a range up to at least 20m.  

Two approaches on short distance sensor can be made. Either an additional short distance 
sensor is required or the existing ACC sensor needs to be improved to also function at short 
ranges. 

If an additional sensor is used, the radar sensor often gets selected. For short distance 
applications as this, no big differences between performance of radars and of lidars have been 
showed i.e. lidars probably fulfill the requirements for an additional Full Speed Range 
function as well as radars. 
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Two examples of ACC sensors which have been improved exist. One is Toyota’s lidar sensor. 
Toyota’s system encompasses a low-speed mode (wider FOV in short range) coupled with a 
conventional mode for mid-to-high speed range (see Figure 17 [49]). 

 
Figure 17 Toyota’s low-speed range ACC [49] 

The other example is within the CARSENSE project (a consortium of 12 European car 
manufacturers, suppliers and research institutes sponsored by the EC). They use a radar sensor 
(Autocruise AC20) which is improved (by Thales Airborne Systems) on two fronts [25]: 

• Widened FOV in the short range area (± 35 ° up to about 40 m) by use of a new optical part 
for the radar antenna 

• Improved detection of fixed targets by use of a new waveform (FSK with FM-CW) 

Stop & Go function requires even further development. In order to carry out the drive-away, it 
has to be known with certainty that the object ahead is a vehicle and not a pedestrian for 
instance. Therefore, Stop & Go function requires object classification in addition to 
previously discussed sensors [63]. 

In most cases an image sensor is used to perform object classification. Research with radars 
for object classification has been made [64]. 

For, what could be called first generation, FCW systems (e.g. those used together with ACC) 
the ACC sensor, i.e. a long distance sensor, is adequate. For future (second generation) more 
advanced FCW (needed for applications like CA) it is necessary to cover a wide span of 
azimuth angle in short range but also to anticipate upcoming changes in road curvature [65] 
[66]. 

Thus, these advanced FCW systems are required to cover about three lanes from a distance of 
less than 10 m in front of the vehicle up to the maximum distance (typically 120 to 200 m) 
[65]. 

Possible sensor configuration is a short distance sensor in addition to the ACC sensor 
(compare to advanced ACC applications) to cover a wide FOV and a long distance image 
sensor to supplement the sensors, providing lane-boundary information [66]. 

In back-up aid Ultrasonic sensors have been used, but these are likely to be replaced by low-
cost radar sensors. Already today, 24 GHz and 17 GHz radar sensors are used for this 
application. The big benefit compared to ultrasonic sensors is that radars are more robust and 
can be mounted invisible behind plastic bumpers [28]. 
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For more general rear object detection a long distance sensor is necessary. Basically, the same 
sensor as for conventional ACC application can be used. 

In a BAS application the driver acts as an external sensor i.e. BAS is relying on the driver, not 
only to sense an impending emergency, but also to apply the brakes. To detect this emergency 
braking BAS uses an internal sensor which is outside the scope of this thesis [54]. 

PreCollision requires a short distance sensor. In its first step it needs the sensor to measure 
targets closing velocity, whereas the second step also requires impact point and angle. 

The first generation AEB only needs ACC sensor [67]. Second generation will probably 
require a short distance sensor in addition to the ACC sensors since second generation is 
required to handle cut-in situations (cut-in situations require wide FOV and short delay time). 
Basically, it is a matter of the same sensors as ACC Full Speed Range. 

The third generation also needs to react to suddenly appearing stationary objects which is why 
object classification is required in addition to second generation sensors (AEB needs to know 
which objects to brake for). This means that the same sensors as for ACC Stop & Go are 
necessary. 

The fourth generation requires steer-by-wire in addition to the sensors to be able to perform 
steering maneuvers. 

It should be added that even if not all generations need object classification to work 
satisfactory, it is desired in all generations. This because one could expect that drivers will be 
more sensitive to errors or false alarms by an automatic brake since it autonomously intervene 
and the driver is not able to override the function. 

Thus, an image sensor is desired in all steps of an AEB since it makes the function more 
dependable. 

8.3 Summary 

In this section the information from previous sections will be brought together with the 
objective to create a summary of the most important conclusions. 

In Table 18 functions associated with sensors are shown and a possible configuration of 
sensors which should achieve coverage required by current and future systems is shown in 
Figure 18. In the table functions associated with accidents is repeated to get an overall picture. 

 
Figure 18 Areas needed to be covered by sensors 

1 Long distance sensor (150 m) 5,6 Short distance sensor (20 m) 

2 Image sensor (60 m) 7,8 Short distance sensor (40 m) 

3 Short distance sensor (20 m) 9 Close-up sensor (5 m) 

4 Close-up sensor (5 m) 10 Long distance sensor (150 m) 
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Application Accident prevention Sensor requirements 

ACC - 1 

ACC Follow Stop - 1 

ACC Full Speed Range - 1 + 3 

ACC Stop & Go - 1 + 2 + 3 

Curve Speed Control Single vehicle 2 or Navigation 

Traffic Sign Recognition 
Single vehicle 
Frontal impact Collisions 2 or Navigation 

Speed Limit Assistant 
Single vehicle 
Frontal impact Collisions 

2 or Navigation 

Forward Collision Warning 
Rear-End 
Oncoming 

1
st
 gen: 1 

2
nd

 gen: 1 + 2 or Navigation + 3 

Rear Collision Warning 
Backing 
Rear-End 

Back-up: 9 
General: 10 

Lane Departure Warning 
Single vehicle 
Lane Change 2 

Blind Spot Detection 
Frontal and side impacts 
(basically with unprotected) 

4, 5 – 6 

Lane Change Warning 
Lane Change 
Turn-off 5 – 8 + 10 

Lane Keeping Assistant 
Single vehicle 
Lane Change 2 + Steer-by-wire 

Lane Change Assistant 
Lane change 
Turn-off 5 – 8 + 10 + Steer-by-wire 

Brake Assistance 
Rear-End 
Oncoming 

- 

PreCollision - 3 

Automatic Emergency Brake 
Rear-End 
Oncoming 

1
st
 gen: 1 + (2) 

2
nd

 gen: 1 + (2) + 3 
3

rd
 gen: 1 + 2 + 3 

4
th
 gen: 1 + 2 + 3 + Steer-by-wire 

Table 18 Functions associated with accidents and sensors 
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9 Conclusions to Part II 
In this report accident statistics have been presented, sensors and functions have been 
described, and each of them has been associated with the other. This information forms the 
base for a roadmap. This roadmap is intended to show one possible route in the development 
of DAS. 

When designing a roadmap many different aspects have to be taken into consideration and far 
from all aspects have been considered in this report. Aspects like infrastructure and legal 
aspects, for instance, have been neglected. 

One of the key aspects in DAS is sensors. Technologies like different radar sensors, lidar 
sensors and image processing have to be taken into consideration, where the need of sensor 
fusion adds to the complexity. Much consideration has to be taken to which sensors that are 
available and in use today. 

System is another aspect, which deals with the complexity of controller algorithms. HMI 
aspects are related to the feedback of the system activities to the driver and to available 
information. Further aspects related to this topic are user acceptance and the ability to learn. 

Then we have the degree of driver assistance. This aspect represents the different stages of 
driver support. These stages are normal driving (information), warning, support, mitigation 
and autonomous intervention (avoidance) [1]. 

But not just these technological topics have to be taken into consideration. An aspect like 
traffic safety enhancement is very much important to have in mind, since this in many cases is 
the aim with implementing DAS. 

Another way could be to look at how the development proceeds in cars. Sometimes, although 
it sometimes is the other way around, trucks follow in the footsteps of cars. Customer 
demands is another aspect which should be considered. 

The most important part is that one should not concentrate on a single thing to the extent that 
one loses an overall view. 

In Figure 19 one possible roadmap for DAS in heavy trucks is presented. Consideration has 
been taken to all above mentioned aspects even though only the technological aspects are 
shown. Remember that is just one possible way, others might be of different opinion. It all 
depends on what one put emphasis on. 
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Figure 19 Road map for DAS 

Systems such as BAS, ACC, FCW 1st generation, LDW, BSD and Back-up aid, are all 
commercially available in either cars or trucks today. 

Therefore it is more interesting to look further into upcoming systems and in this work the 
choice has been made to further investigate AEB. One reason for this choice is that it is one of 
the systems presumed to be commercially available in near future. The other reason is that an 
emergency brake function is, if possible, more interesting in trucks than in cars since trucks 
causes more severe injuries to occupants of preceding vehicle(s) when running into them. 

Thus, the rest of this thesis is focusing on an emergency brake function. 
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Part III:                      
Design of Automatic 
Emergency Brake  
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10 Introduction 
AEB is a function which determines if a collision with an object is unavoidable and then 
applies the brakes. In other words, having identified an impending collision and knowing it is 
unavoidable, the AEB will fully apply the brakes of the vehicle. 

As seen earlier in this work, Rear-end collisions is a common accident type occurring on our 
roads, and causes thousands of fatalities every year. An AEB function could potentially reduce 
fatalities noticeable. 

The aim with an AEB is not to avoid a collision, but to mitigate the collision and thus 
potentially reduce fatalities and injuries. 

In Table 16, Section 7.3, an analysis of the impact of an AEB was made. This analysis shortly 
stated that 5 – 10 % of all accidents with fatalities or severe injuries are a target group for 
such a function. This target group was defined as the remaining part of all accidents which 
were not targets for other systems. In this analysis both oncoming and rear-end accidents were 
included. 

In this part of the thesis only an analysis of rear-end accidents, and with AEB in focus, will be 
performed. The reasons for this is that, first of all, the potential of DAS on oncoming accidents 
is uncertain and, secondly, an AEB mainly aims at reducing rear-end collisions; at least for a 
first generation of these systems. 

Some statistics will be repeated. First, about 16 % of all accidents with fatalities or severe 
injuries with trucks involved are rear-end accidents. A truck running into another vehicle rear 
stands for 7 % and vice versa stands for 9 %. Hence, an AEB function on a truck has 7 % of 
all accidents (with fatalities or severe injuries) as target group. Note that this target group is 
different from the one above since this takes no consideration to other systems. 

In 50 % of the rear-end accidents drivers will not apply their brakes. In an additional 30 % the 
drivers only applies the brakes softly and hence only in 20 % of the accidents drivers apply 
their brakes fully. 

Of course an emergency brake could have potential in all rear-end collisions, but this analysis 
will be conservative and for this reason an AEB will be assumed to have no potential in 50 % 
of the accidents namely those when the driver apply the brakes (either softly or fully). The 
reason for this assumption is that an emergency brake should be designed to brake too late 
(i.e. when knowing there will be a collision) and hence other systems will have higher 
potential. In the 30 %, where drivers apply their brakes softly a BAS system has a potential to 
reduce injuries and in 20 % of the cases, where the driver fully apply the brakes, a FCW 
system could potentially give the driver more time to react. 

Thus, an emergency brake is only assumed to have a potential in 50 % of the accidents i.e. 
those where drivers do not apply the brakes. Even in these cases a FCW function should be 
the first attempt to get the driver to apply the brakes. Earlier statements show that about 80 % 
of drivers will react to a warning. If it is assumed that the driver will apply the brakes (fully or 
softly) when he reacts it results in that an AEB could be assumed to have no potential in these 
cases too. 

Thus, an AEB will only have the potential to affect 0.7 % (20 % of 50 % of 7 %) of all 
accidents with fatalities or severe injuries. This could seem as a very small part, but if all 
trucks in Europe would be equipped with an AEB, the number of people getting killed or 
severely injured, could potentially be reduced by 150 – 200 people every year (approximately 
5,000 people get killed and 20,000 get severely injured in EU25). 
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According to [59] an AEB is capable of preventing 10 % of all accidents with fatalities or 
severe injuries. This differs a lot from the analysis made here, but it should be remembered 
that this analysis is only for rear-end accidents and furthermore very conservative. Still, this 
shows how difficult it is to predict the potential of a system and in this case the potential of an 
emergency brake could be below 1 %, of all accidents with fatalities or severe injuries, or as 
high as 10 %. 

It should be remembered that an AEB, even if it does not prevent an accident from occurring, 
always mitigate collisions and thus potentially reduce injuries. 

Also, even if an emergency brake does not reduce the energy sufficiently in order for the 
collision to be non-fatal it could have reduced the energy enough for the subsequent collision 
to be non-fatal since rear-end collisions often occur in traffic jam. In other words, instead of, 
for instance, causing a series of collisions with five cars, whereof three fatal, an emergency 
brake could have reduced this number to three cars whereof only one fatal. 

An AEB could also interact with an ACC and FCW which makes it interesting as one of the 
next systems on the market. 

Consequently, it should be interesting to implement an AEB even if it does not have the same 
potential as other systems. 
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11 Decision Analysis 
The major problem when designing a system with intention to avoid or mitigate collisions, i.e. 
CA / CM systems, is deciding when the system should intervene. This decision making 
problem is complicated by several factors, not only measurement and process uncertainty, but 
also how the driver will perceive an intervention. For instance, for some systems HMI could 
play an important part in how the driver experiences an intervention. 

When it comes to braking intervention it is basically a matter of detecting when the driver is 
unable to avoid a collision. Then, in order to avoid false alarms, it is desirable to make the 
decision to intervene at a later time. 

11.1 Strategies 

The first step in analyzing decision making for braking intervention is to decide on what sort 
of collisions to avoid/mitigate. Basically there are two different categories: a 1-D movement, 
i.e. collision with a preceding vehicle in the same lane (e.g. Rear-end collision), and a 2-D 
movement e.g. intersection [19]. In addition, there are collision types in between, like for 
example cut-in situations. 

In the 1-D movement, the so-called collision avoidance distance
7 (DCA) is used. When 

deriving this distance, two possibilities have to be taken into consideration: avoidance of 
collision by braking or avoidance of collision by steering. This is explained further in Section 
11.2. Other interesting metrics are time to collision (TTC), headway time (THW), and 
headway distance (DHW). It is basically a matter of risk estimation, where a decision limit for 
one of above-mentioned metrics is set. 

As all methods, the 1-D method has strengths and weaknesses. Advantages are that it is 
intuitive, computationally cheap, easy to account for driver reaction time and system delay, 
and the performance is predictable as long as the in-lane assumption holds. The main 
disadvantage is that it does not consider measurement and process uncertainties [19]. 

In the 2-D movement, the metrics are based on probability of collision instead of risk 
estimation. The sensor system normally represents host vehicle and preceding vehicle with a 
point. This point is derived from a number of reflections which have been received by the 
sensor. If, instead of a point, all received signals are taken into consideration an area can be 
created. This area corresponds to all possible configurations between host vehicle and 
preceding vehicle so that their bodies intersect i.e. they collide [19]. 

The downside of the 2-D method is that it is computationally demanding, whereas the 
advantage is that it incorporates both process and measurement uncertainties, which makes it 
easy to deal with missed measurements and time varying sensor performance [19]. 

11.2 Models 

In this work, the aim is to design a first generation emergency brake i.e. an emergency brake 
capable to mitigate rear-end collisions. For this purpose, the 1-D method should be sufficient. 
Thus, it is important to point out that this decision model does not cover all possible scenarios 
in everyday traffic. 

                                                 
7 Definition: the minimum permissible distance between two separate vehicles following each other on the 

same track, measured from the end of the leading vehicle to the front of the following vehicle [30]. 



Design of Automatic Emergency Brake 

 60

11.2.1 Braking Analysis 

The distance required to avoid collision by braking, DCAbr, is one of the measures required to 
determine the DCA and is derived from the following equation [44]: 

 0 tavv ⋅+=    (2) 
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In earlier work [19] [67] [68] the DCA required by braking is set to be equal to the difference 
between host vehicle braking distances, DHV,br and preceding vehicle braking distance, DPV,br, 
using equation 4. 
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Driver reaction time and system delay can easily be accounted for if desired. The DCA 
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Unfortunately, equation 5 does not cover all scenarios. For instance, this equation will not 
give the actual DHW required to avoid a collision with a preceding vehicle when the initial 
velocity of host vehicle is higher than that of preceding vehicle and the preceding vehicle 
braking distance is larger than host vehicle braking distance. 

An example is given to clarify this. Assume that host vehicle is traveling with a speed of 25 
m/s (= 90 km/h). Preceding vehicle is traveling with a speed of 17 m/s (= 61.2 km/h). If 
preceding vehicle begins decelerating with 3 m/s2 and host vehicle is capable of braking with 
7 m/s2, equation 5 would give following DHW required to avoid collision with preceding 
vehicle by braking. 
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Note that this signifies that host vehicle would not be required to begin braking in order to 
avoid collision with preceding vehicle. It is obvious that this is not the case in real life. Hence, 
a second criterion must be included. 

Figure 20 can be studied, to understand what this second criterion should be. This figure 
shows the difference between the distance traveled by host vehicle and the distance traveled 
by preceding vehicle in above mentioned example. In other words, both vehicles start 
decelerating at time = 0 and the difference between the distance traveled by each vehicle is 
shown in the figure. 

 
Figure 20 Difference between host vehicle traveled distance and preceding vehicle traveled distance 
when both start braking at time = 0. Host vehicle initial speed is 25 m/s and decelerates with 7 m/s

2
. 

PV initial speed is 17 m/s and decelerates with 3 m/s
2
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Furthermore, Figure 21 shows relative velocity under same conditions. It can be seen that the 
relative velocity is equal to zero at time equal to 2 s i.e. at the same time the required DHW is 
maximum. 

 
Figure 21 Relative velocity between host vehicle and preceding vehicle when both start braking at 
time = 0. Host vehicle initial speed is 25 m/s and decelerates with 7 m/s

2
. PV initial speed is 17 m/s 

and decelerates with 3 m/s
2
 

The fact is that the maximum required DHW always will be when host vehicle and preceding 
vehicle velocities are equal, presupposed that this is the case during the course of events. 

Hence, this second criterion should be included in the decision on when to perform 
emergency braking. The time, tVelEq, when the velocities are equal is given by: 
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Combining this with equation 3 then gives DCA: 
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Thus, decision on when braking is necessary should include two criteria: Dbr and DVelEq. One 

of these will always give the maximum DHW required to avoid a collision with a preceding 

vehicle by braking. 

Three cases have to be taken into consideration: 
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Case 2: aHV < aPV < 0 (NB negative when decelerating) 

For Dbr the following is valid: 
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Case 1: aPV < aHV (NB negative when decelerating) 

For Dbr the following is valid: 
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For DVelEq the following is valid: 
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This means that DVelEq is never critical since only positive tVelEq are of interest 
i.e. the distance required to avoid collision by braking, DCAbr is given by: 

brbr DDCA =  

This could be the case if a car, which has the ability to decelerate more than a 
truck, suddenly brakes in front of a truck e.g. if an animal suddenly jumps up in 
front of the car. 

For example, both host and preceding vehicle is traveling with a speed of 90 
km/h (= 25 m/s). Preceding vehicle is a car with the ability to decelerate with 
10.5 m/s2 (data for a Saab 9-5). Host vehicle is a truck with the ability to 
decelerate with 7 m/s2. If both vehicles fully apply their brakes at the same time 
the following DHW is required to avoid a collision with the car. 
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Thus, a DHW of about 15 m, which corresponds to a THW of 0.6 s, is required 
in order for the truck to avoid collision with the car. 
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Case 2: Continuing 

For DVelEq the following is valid: 
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Therefore it is important to only look at DVelEq when tVelEq is positive and 
neither host vehicle nor preceding vehicle has reached their braking distances 
i.e. 
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Then: 
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This could be the case if a vehicle is approaching a traffic jam. 

For example, host vehicle is traveling with a speed of 90 km/h (= 25 m/s). 
Preceding vehicle is traveling at the end of a traffic jam with a speed of 50 
km/h (= 13.9 m/s). Preceding vehicle is decelerating with 3 m/s2. Host vehicle 
is a truck with the ability to decelerate with 7 m/s2. Following DHW is required 
to avoid a collision with the preceding vehicle. 

mDDD

mmD
sma

smv

mmD
sma

smv

brPVbrHVbr

brPV

PV

PV

brHV

HV

HV

5.12

1.32
32
9.13

/3

/9.13

6.44
72

25

/7

/25

,,
2

,2

,0

2

,2

,0

=−=⇒













=
⋅

=⇒






−=

=

=
⋅

=⇒






−=

=

( )brPVbrHVVelEq

brPV

brHV

VelEq

ttt

sst

sst

sst

,,

,

, ,min0

6.4
3

9.13

6.3
7

25

8.2
)3(7

9.1325

<<⇒















==

==

=
−−−

−
−=

 

( ) ( )
( )

mm
aa

vv
D

PVHV

PVHV

VelEq 4.15
37

9.1325

2

1

2

1 22
,0,0

=
−−−

−
⋅−=

−

−
⋅−=  

Thus, a DHW of 15.4 m is required in order for the truck to avoid collision with 
the preceding vehicle. 
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Case 3: aPV ≥ 0. 

For Dbr the following is valid: 
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Instead, only the distance covered by PV in host vehicle braking time, tHV,br, 
should be considered i.e. following is correct: 
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Note that, under these circumstances, DVelEq is always larger than Dbr (see 
Appendix 2 for verification of this). This gives: 

VelEqbr DDCA =  

This could be the case if a vehicle is approaching another vehicle which has 
stopped at a red light and now, the light has turned green and the vehicle is 
about to drive away. 

For example, host vehicle is traveling with a speed of 50 km/h (= 13.9 m/s). 
Preceding vehicle is accelerating from a standstill with 3 m/s2. Host vehicle is a 
truck with the ability to decelerate with 7 m/s2. Following DHW is required to 
avoid a collision with the preceding vehicle. 
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Thus, a DHW of 9.6 m is required in order for the truck to avoid collision with 
the preceding vehicle. 
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Combining these three cases results in the following braking decision model: 
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11.2.2 Steering Analysis 

To decide when a collision is unavoidable by steering, the model in Figure 22 is used. The 
figure represents host vehicle avoiding a stationary obstacle. The obstacle is said to be 
avoided when point A has moved according to Figure 22 [19]. 

 
Figure 22 Model used to determine distance required to avoid obstacle by steering 

Generally, host vehicle centripetal acceleration, ay, is given by [69]: 
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where: 
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Here, steady-state is assumed, i.e.: 

x

y

vR

v

=⋅

=

ψ&

& 0
 

where R is steering curvature. 

With these assumptions, this model will be more conservative than reality since centripetal 
acceleration is assumed to be achieved instantaneously. Furthermore, this model will not take 
slip into consideration. To study effects of the simplifications made, this model has been 
compared to a more detailed modeling in ADAMS (see Section 11.4 for further details). 

With above-stated assumptions, the distance, Dstat, needed to avoid a collision with a 
stationary obstacle by steering is given using Pythagoras theorem: 

⇒







−−








+=

22
2

22
obstacleHV

stat

w
R

w
RD  

( )obstacleHV

y

HVobstacleHV

stat ww
a

vww
D +⋅+

−
=

222

4
 (13) 

where: 

 widthObstacle

 widthleHost vehic

=

=

obstacle

HV

w

w
 

If the obstacle itself is moving, i.e. preceding vehicle in the same lane, the preceding vehicle 
movement has to be taken into consideration. Still, the steering distance required by host 
vehicle is the same, making it a matter of calculating the difference between steering distance 
required and distance traveled by preceding vehicle. This is done in two steps. First, the time 
needed to perform the steering maneuver is calculated. Here, the distance traveled by the host 
vehicle is approximated to be equal to Dstat and not the circular arc actually traveled by host 
vehicle. 
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Secondly, the distance traveled by preceding vehicle in this time is calculated and subtracted 
from steering distance. 
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where: 
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As for braking distance decision it is required to include the velocities equal criterion. 
Remember that (according to equation 9 and 10): 
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Here, it is assumed that no braking is performed by host vehicle during steering maneuver i.e. 
aHV = 0. This results in: 
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when 

0=HVa  

This phenomenon occurs when host vehicle velocity is higher than preceding vehicle velocity 
and preceding vehicle is accelerating, i.e. aPV > 0. Figure 23 shows an example when this 
occurs. In the example host vehicle velocity is 10 m/s (= 36 km/h), preceding vehicle is 
accelerating with 3 m/s2 and its initial velocity is 8 m/s (= 28.8 km/h). 

 
Figure 23 Point B, which is when host vehicle and preceding vehicle velocities are equal, gives the 
collision avoidance distance 
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Point A is at tsteer (1.24 s in this case) and point B is when the velocities are the same. DCA in 
this case is given by point B. Note that consideration has to be taken to tsteer since this time 
could be reached before the time when the velocities are the same. Then tsteer will give DCA. 

Note that this only states when it is too late to commence a steering maneuver, and not the 
distance required to avoid preceding vehicle by steering. 

Thus, decision on when steering is necessary should include two criteria: Dsteer and DVelEq. 
One of these will always give the maximum DHW required to avoid a collision by steering. 

Two cases have to be taken into consideration (note that Dsteer is equal for both): 

 

Case 1: aPV < 0 

For DVelEq following is valid: 
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This means that DVelEq is never critical since only positive tVelEq are of interest 
i.e. the distance required to avoid collision by steering, DCAsteer is given by: 

steersteer DDCA =  

To exemplify this case, a situation given in the braking model section is used. 

In other words, both host vehicle and preceding vehicle are traveling with a 
speed of 90 km/h (= 25 m/s). Preceding vehicle is decelerating with 10.5 m/s2. 

Furthermore, host vehicle is assumed to manage a centripetal acceleration of 3 
m/s2. The width of host vehicle is assumed to be 2.6 m and the width of 
preceding vehicle 2 m. 

Under these conditions, following DHW is required to avoid a collision by 
steering with the preceding vehicle. 
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Case 1: Continuing 

Thus, a DHW of 8.1 m is required in order for the truck to avoid collision with 
the preceding vehicle by steering. This can be compared to the DHW required 
to avoid collision by braking, which is 14.9 m (see Section 11.2.1). In this case, 
steering can be commenced later in order to avoid collision. 

Case 2: aPV ≥ 0 

For DVelEq following is valid: 
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Therefore it is important to only look at DVelEq when tVelEq is positive and host 
vehicle has not completed its steering maneuver i.e. 

VelEqsteerVelEq Dtt ⇒<<0  

Then: 
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Again, the same situation given in the braking section is used i.e. a vehicle is 
approaching another vehicle which has stopped at a red light and now, the light 
has turned green and the vehicle is about to drive away. 

In this example, host vehicle is traveling with a speed of 50 km/h (= 13.9 m/s). 
Preceding vehicle is accelerating from a standstill with 3 m/s2. Again, host 
vehicle is assumed to manage a centripetal acceleration of 3 m/s2. The width of 
host vehicle is assumed to be 2.6 m and the width of preceding vehicle 2 m. 

Following DHW is required to avoid a collision with the preceding vehicle.  

( ) mmDstat 2.1726.2
3
9.13

4
26.2 222

=+⋅+
−

=  

mmD

sst

sst

steer

brPV

steer

9.1424.13
2
1

24.102.17
0

3
0

24.1
9.13
2.17

2

,

=







⋅⋅+⋅−=⇒










==

==

 

interest ofnot  63.4
3

09.13,0,0
VelEqsteerVelEq

PV

PVHV

VelEq Dttss
a

vv
t ⇒>⇒=

−
=

−
=  

Thus, a DHW of 14.9 m is required in order for the truck to avoid collision with 
the preceding vehicle by steering. Compared to the DHW required to avoid 
collision by braking, which is 9.6 m (see Section 11.2.1), braking can be 
commenced later in order to avoid collision in this case. 
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Combining these two cases results in following steering decision model: 
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Note that even if the velocities equal criterion for steering distance decision is required to be 
included in the decision analysis, this distance will never be critical. This since the braking 
distance required will always be shorter than that of steering distance in those cases i.e. if (see 
appendix 3 for verification of this): 
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11.2.3 Decision Model 

To create a decision model from the analysis of braking and steering is effortless, since the 
analysis itself is the model. Therefore, DCA for an AEB should be: 

( )brsteer DCADCADCA ,min=   (18) 
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Dbr and Dsteer are defined earlier and min
HVa is maximum achievable deceleration of host vehicle. 

Generally, steering will be more favorable at higher speeds and braking at lower. This was 
also seen in the examples given earlier. 

Figure 24 shows DHW required to avoid collision with a stationary object. The truck is 
assumed to manage a centripetal acceleration of 3 m/s2. The width of the truck is assumed to 
be 2.6 m and the width of the object 2 m. It can be seen that, in this case, steering is more 
favorable at speeds exceeding 17.3 m/s (= 62 km/h). 

 
Figure 24 Headway distance required to avoid collision with stationary object 

11.2.4 Energy Analysis 

In order to get an understanding whether a collision will be fatal or not an energy analysis has 
to be made. 

Kinetic energy for a mass is [44]: 
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If CSHV is collision speed of host vehicle then the proportion of kinetic energy saved can be 
written: 

2
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, 1
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E −=   (21) 

alternatively, with the use of equation 2: 
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where: 

DHV = Distance traveled by host vehicle 

Even if the reduction of kinetic energy is interesting, it does not say if the collision still will 
be fatal or not. Especially, in case of a truck colliding with a passenger car a high reduction of 
kinetic energy could still signify that the collision will be fatal. 

For this reason, it is interesting to calculate the amount of energy which has to be absorbed by 
the preceding vehicle in a collision. To do this, the energy before, Epre, a collision and the 
energy after, Epost, have to be calculated. The difference between these is the amount of 
energy required to be absorbed in the collision, Ecollision 
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The speed after collision can be calculated by assuming that the linear momentum is 
preserved [44] 
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If combining equation 24 – 26 following expression is valid 
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where 

speedcollision  relative=−= HPHVrel CSCSCS  
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A passenger car is capable of absorbing about 200 – 400 kJ in its front and about half at its 
rear. 

To give an example, one of the examples given earlier is used. The situation is when both host 
vehicle and preceding vehicle are traveling with a speed of 90 km/h. Preceding vehicle is 
assumed to be a passenger car with a weight of 1,500 kg while the host vehicle is a truck with 
a total weight of 40,000 kg. The car is decelerating with 10.5 m/s2 and the truck is able to 
decelerate with 7 m/s2. Furthermore, the truck is assumed to manage a centripetal acceleration 
of 3 m/s2. The width of the truck is assumed to be 2.6 m and the width of the car 2 m. 

In this case, a DHW of 8.1 m is required in order for the truck to avoid collision with the car 
(by steering). 

If this is the case, i.e. DHW is 8.1 m which corresponds to a THW of about 0.3 s, under the 
circumstances stated, and an emergency brake applies the brakes of the truck at this moment, 
the following amount of energy has to be absorbed by the passenger car: 

First, the TTC (time until impact if host vehicle brakes) will be approximately 2.15 s in this 
case. This results in following relative collision speed: 
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Thus, in this case, the trucks kinetic energy can be reduced by 84 % if braking is done at a 
DHW of 8.1 m. Furthermore, the energy required to be absorbed in the collision is 41 kJ 
which is clearly below the cars capability. Thus, this collision will most likely not be fatal. 

These results could be compared to the statement in [59] where they say that an AEB could 
reduce the amount of impact energy between 50 to 95 %. 

11.3 Results 

The decision model and the energy model have been implemented in MATLAB with the 
purpose to evaluate how much an emergency brake could affect collisions. 

Four different types of emergency brake situations have been analyzed. 

Type 1. An emergency brake using its potential to the full i.e. decelerating with 
maximum possible deceleration, which is about 7 m/s2 for a truck, at DHW given 
by the decision model. 

Type 2. An emergency brake only decelerating with 2.5 m/s2, at DHW given by the 
decision model. 

Type 3. An emergency brake decelerating with 7 m/s2, when TTC (time to impact if no 
action is taken i.e. host vehicle does not brake) is 0.5 s. 

Type 4. A combination of number 2 and 3 i.e. an emergency brake first decelerating with 
2.5 m/s2 at DHW given by the decision model and when TTC is 0.5 s starts 
decelerating with 7 m/s2. 



Design of Automatic Emergency Brake 

 75

Every type of emergency brake situation has been analyzed in twelve different cases. 

• Host vehicle travels with a speed of 25 m/s (= 90 km/h) and 
i. Object is stationary 

ii. Object is traveling with a speed of 9 m/s (= 32.4 km/h) 
iii. Object is traveling with a speed of 14 m/s (= 50.4 km/h) 
iv. Object is traveling with a speed of 19 m/s (= 68.4 km/h) 
v. Object is traveling with a speed of 25 m/s (= 90 km/h) 

• Host vehicle travels with a speed of 19 m/s (= 68.4 km/h) and 
i. Object is stationary 

ii. Object is traveling with a speed of 9 m/s (= 32.4 km/h)h 
iii. Object is traveling with a speed of 14 m/s (= 50.4 km/h) 
iv. Object is traveling with a speed of 19 m/s (= 68.4 km/h) 

• Host vehicle travels with a speed of 14 m/s (= 50.4 km/h) and 
i. Object is stationary 

ii. Object is traveling with a speed of 9 m/s (= 32.4 km/h) 
iii. Object is traveling with a speed of 14 m/s (= 50.4 km/h) 

In every case the object is assumed to be a passenger car with a weight of 1,500 kg while the 
host vehicle is a truck with a total weight of 40,000 kg. The car is decelerating with 10.5 m/s2 
and the truck is able to decelerate with 7 m/s2. Furthermore, the truck is assumed to manage a 
centripetal acceleration of 3 m/s2. The width of the truck is assumed to be 2.6 m and the width 
of the car 2 m. 

Besides those metrics earlier defined, following metrics have also been calculated: 

THW = Headway time at DHW of DCA. 
TTC = Time to collision if no action is taken 
DCA0.5 = DHW when TTC is equal to 0.5 s. 
THW0.5 = Headway time at DHW of DCA0.5. 

Tables 19 to 21 show results for emergency brake type number 1 and 2. Tables 22 to 24 show 
results for brake type number 3 and Tables 25 to 27 show results for type number 4. 

The amount of energy required to be absorbed by the preceding car, Ecollision, is the interesting 
value. Ecollision shows whether the collision is likely to be fatal for car occupants. Values below 
100 kJ indicate that the collision most likely is not fatal and vice versa, with values above 100 
kJ the risk of fatalities increases. 

Speed 
object [m/s] 

DCAbr 
[m] 

DCAsteer 
[m] 

THW 
[s] 

TTC 
[s] 

- 7 m/s
2
 - 2.5 m/s

2
 

Ek,saved [%] Ecollision [kJ] Ek,saved [%] Ecollision [kJ] 

0 44.6 31.0 1.2 1.2 69 138 25 340 

9 40.8 27.1 1.1 1.2 69 138 25 340 

14 35.3 21.7 0.9 1.2 69 138 25 338 

19 27.5 15.5 0.6 1.2 73 104 25 205 

25 14.9 8.1 0.3 1.2 84 41 26 93 

Table 19 Emergency brake types 1 and 2. Host vehicle travels with a speed of 25 m/s 

Speed 
object [m/s] 

DCAbr 
[m] 

DCAsteer 
[m] 

THW 
[s] 

TTC 
[s] 

- 7 m/s
2
 - 2.5 m/s

2
 

Ek,saved [%] Ecollision [kJ] Ek,saved [%] Ecollision [kJ] 

0 25.8 23.5 1.2 1.2 91 23 33 176 

9 21.9 19.7 1.0 1.2 91 23 33 176 

14 16.5 14.3 0.8 1.2 91 22 33 176 

19 8.6 8.1 0.4 1.2 98 5 34 93 

Table 20 Emergency brake type 1 and 2. Host vehicle travels with a speed of 19 m/s 
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Speed 
object [m/s] 

DCAbr 
[m] 

DCAsteer 
[m] 

THW 
[s] 

TTC 
[s] 

- 7 m/s
2
 - 2.5 m/s

2
 

Ek,saved [%] Ecollision [kJ] Ek,saved [%] Ecollision [kJ] 

0 14.0 17.4 1 1 100 0 36 91 

9 10.1 13.5 0.7 1 100 0 36 91 

14 4.7 8.1 0.3 0.9 100 0 35 54 

Table 21 Emergency brake type 1 and 2. Host vehicle travels with a speed of 14 m/s 

From the tables above it can be seen that steering can be commenced later than braking at 
higher speeds (of host vehicle) in order to avoid collision. 

It can also be seen that, in lower host vehicle speeds, an AEB of type 1 (i.e. fully applied 
brakes) could be activated later and still the collision is likely to not be fatal for car occupants. 

For example, if the brakes were fully applied when TTC is 0.3 s and host vehicle is traveling 
with a speed of 14 m/s (= 50.4 km/h) towards a stationary object, Ecollision will be 102 kJ 
which most likely will result in a non-fatal collision. If host vehicle speed instead is 19 m/s (= 
68.4 km/h) the brakes are needed to be applied when TTC is about 1 s. This result is about the 
same, since this case gives an Ecollision of 104 kJ. 

The fact that the brakes could be applied later is one of the reasons why automatic emergency 
brakes of type 3 and 4 have been analyzed. The other reason is that some believe that the 
brakes never could be applied as soon as this decision model says. 

An AEB of type 2 is only likely to reduce fatalities at low host vehicle speeds or low relative 
speeds. It should be added that this type still reduces the risk for subsequent collisions to be 
fatal if the situation is a traffic jam. 

Speed object [m/s] DCA0.5 [m] THW0.5 [s] Ek,saved [%] Ecollision [kJ] 

0 12.5 0.5 28 325 

9 9.3 0.4 28 232 

14 6.8 0.3 29 122 

19 4.3 0.2 31 48 

25 1.3 0.05 43 7 

Table 22 Emergency brake type 3. Host vehicle travels with a speed of 25 m/s 

Speed object [m/s] DCA0.5 [m] THW0.5 [s] Ek,saved [%] Ecollision [kJ] 

0 9.5 0.5 37 165 

9 6.3 0.3 38 104 

14 3.8 0.2 41 37 

19 1.3 0.07 54 7 

Table 23 Emergency brake type 3. Host vehicle travels with a speed of 19 m/s 

Speed object [m/s] DCA0.5 [m] THW0.5 [s] Ek,saved [%] Ecollision [kJ] 

0 7.0 0.5 50 71 

9 3.8 0.3 53 37 

14 1.3 0.1 68 7 

Table 24 Emergency brake type 3. Host vehicle travels with a speed of 14 m/s  

Tables 22 to 24 show that applying the brakes fully when TTC is 0.5 s is probably sufficient at 
low host vehicle speeds and low relative speeds in order to reduce fatalities. 

According to [15] the amount of kinetic energy for a car could be reduced by 50 % if the 
brakes are fully applied 0.5 s before the moment of impact when a car is approaching a 
stationary object at a speed of 50 km/h. It can be seen in Table 21 that this analysis shows the 
same result. 
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The reader is once again reminded that these values should not be confused with values from 
Tables 19 to 21. The low values on Ecollision for low relative speed only states that the brakes 
of host vehicle should not be applied too soon unless preceding object does so. 

Speed object [m/s]] DCA [m] THW [s] DCA0.5 [m] THW0.5 [s] Ek,saved [%] Ecollision [kJ] 

0 31 1.24 11.2 0.5 41 267 

9 27.1 1.1 11.2 0.5 40 270 

14 21.7 0.9 9.8 0.4 35 261 

19 15.5 0.6 7.4 0.3 42 157 

25 8.1 0.3 4.7 0.2 44 63 

Table 25 Emergency brake type 4. Host vehicle travels with a speed of 25 m/s 

Speed object [m/s] DCA [m] THW [s] DCA0.5 [m] THW0.5 [s] Ek,saved [%] Ecollision [kJ] 

0 23.5 1.2 8.1 0.5 53 123 

9 19.7 1.0 8.2 0.5 52 126 

14 14.3 0.8 9.3 0.6 53 123 

19 8.1 0.4 4.7 0.3 55 63 

Table 26 Emergency brake type 4. Host vehicle travels with a speed of 19 m/s 

Speed object [m/s] DCA [m] THW [s] DCA0.5 [m] THW0.5 [s] Ek,saved [%] Ecollision [kJ] 

0 14.0 1 5.9 0.5 63 53 

9 10.1 0.7 6.3 0.5 62 53 

14 4.7 0.3 3.3 0.3 64 32 

Table 27 Emergency brake type 4. Host vehicle travels with a speed of 14 m/s 

An emergency brake of type 4 follows the same pattern as type 1 and 2 and its potential is in 
between those. Unfortunately, the values for Ecollision are still above 100 kJ in many cases and 
hence it does not reduce the energy sufficiently in order for the collisions to be non-fatal. 

It should be added that an emergency brake of type 4 has one clear advantage over an 
emergency brake of type 2. It reduces the risk, to a higher extent than type 2, for subsequent 
collisions to be fatal (if the scenario is a traffic jam). 

11.4 MBS Model 

Simulations have been made using the MBS program ADAMS with the purpose to compare 
the results from the static steering model used in this thesis, since the steering model is 
substantially simplified. The aim is to ensure that the model behaves realistic for the studied 
situations. 

11.4.1 Approach 

A dynamic model of a truck which is considered to behave close to reality is modeled in 
ADAMS. The ADAMS model used is developed by Scania with intention to simulate ISO 
double lane change. This model has been changed to only perform a single lane change in 
order to resemble the steering avoidance maneuver. This has been made by changing 
coordinates in the original model. 

Note that the simulations made in ADAMS here correspond to the case when host vehicle is 
avoiding a stationary object. 

In the modified model the coordinates have been set to force the truck to change lane as fast 
as possible without ending up outside the lane it enters. Steering wheel angle has been 
checked, and maximum angle is noted for every simulation to ensure a realistic behavior. 

For each simulation, maximum centripetal acceleration acting on tractor and trailer 
respectively, and the distance required by tractor and trailer respectively to avoid an obstacle 
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with width wobstacle have been noted. The accelerations have been used in the static steering 
model to calculate distance required to avoid the same obstacle. 

Here, centripetal acceleration of around 3.5 m/s2 acting on the trailer in the first phase (turning 
away from obstacle) is considered to be acceptable. However, by forcing the truck to its limit 
in the first phase, the truck could behave in an, for real trucks, unacceptable manner in the 
after phase (trying to stay in its lane) e.g. heavy oscillations. Yet, since the aim is to verify the 
static model, which does not take the after phase into consideration, this has been considered 
to be acceptable. 

Simulations have been made for following velocities: 90km/h, 70km/h, and 50km/h. 
Furthermore, every velocity has been simulated three times with different number of steps and 
step size. The tests are defined as follows (Table 28): 

Test Velocity[km/h] 

1 

90 

70 

50 

2 

90 

70 

50 

3 

90 

70 

50 

Table 28 Definition of tests made in ADAMS 

The intention from the beginning was to simulate steering maneuvers for both dry and wet 
surface, but since no existing models handling wet surfaces were available only simulations 
for dry surfaces have been performed. It should be mentioned that the model used could be 
modified to handle wet surfaces as well, but the changes required (in the tire model) are too 
time demanding to justify the purpose with the simulation. 

The ADAMS model is a tractor-semi-trailer combination with following parameters (Table 
29): 

Mass tractor frame  3,875 kg 
Mass cab  1,061 kg 
Mass trailer frame  1,352 kg 
Mass load  30,755 kg 
Total mass  About 40,000 kg  
Width of truck  2.5 m 

Table 29 Parameters for the tractor-semi-trailer model in ADAMS 

11.4.2 Results 

Results from the simulations in ADAMS and the comparison to the static steering model are 
presented in this section. Figures 25 to 29 show how the information from ADAMS is read. 
The truck travels with a speed of 90 km/h. 

Figure 25 shows centripetal acceleration action on tractor. The interesting value is the 
maximum centripetal acceleration (absolute value) acting on the tractor when it starts steering 
away from a presumed stationary object i.e. the first peak which in this case is about 3.5 m/s2. 
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Figure 25 Centripetal acceleration acting on tractor at 90km/h 

Maximum centripetal acceleration acting on trailer (Figure 26) is noted in the same way as for 
the tractor i.e. in this case about 3.25 m/s2. 

 
Figure 26 Centripetal acceleration acting on trailer at 90km/h 

Figure 27 shows the movement of the center of gravity of the tractor. From this plot the DHW 
required to avoid a stationary object is given. The tractor have avoided the object when the 
center of gravity have moved a lateral distance of half the width of the tractor plus half the 

Interesting value 

Interesting value 
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width of the object (compare to the steering model in Figure 22). In this case the width of the 
tractor is 2.5 m and the width of the object is assumed to be 2 m. Thus, the center of gravity 
has to move 2.25 m (2.5/2 + 2/2) in lateral direction in order for the truck to avoid the object. 
In this case the required DHW is about 31 m. 

 
Figure 27 Movement of center of gravity of tractor during steering maneuver 

DHW required for trailer (Figure 28) is noted in the same way as for the tractor i.e. in this case 
about 33 m. 

 
Figure 28 Movement of center of gravity of trailer during steering maneuver 

Steering wheel angle has been checked to ensure a realistic behavior and can be seen in 
Figure 29. In this case the maximum steering wheel angle is about 75 degrees which is 
considered to be realistic. 

31m 

33m 
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Figure 29 Steering wheel angle during steering maneuver 

The results of the three set of tests (according to Table 28) performed in ADAMS can be seen 
in Table 30. The stationary object is assumed to have a width of 2 m in all simulations. It can 
be seen that it is the trailer which sets the limit on the required DHW. 

Following terms are used: 

obstacle avoid  toby trailer required distanceheadway 

obstacle avoid  toby tractor required distanceheadway 

on trailer actingon accelerati lcentripeta maximum

on tractor actingon accelerati lcentripeta maximum

angle  wheelsteering maximum

 truckof velocity allongitudin

2

1

2max,,

1max,,

maxsteer,

=

=

=

=

=

=

C

C

Cy

Cy

x

D

D

a

a

v

δ

 

Test vx[km/h] δsteer,max[º] ay,max,C1[m/s
2
] ay,max,C2[m/s

2
] DC1[m] DC2[m] 

1 

90 <84 3.66 3.25 31 33 

70 <103 3.67 2.82 24 25.5 

50 <115 3.30 2.23 20 21 

2 

90 <88 3.74 3.27 31 33.5 

70 <111 3.83 2.95 24 25.5 

50 <112 3.23 2.14 20 21 

3 

90 <88 3.74 3.27 31 33.5 

70 <93 3.53 2.66 24 25.5 

50 <101 3.02 2.06 19.5 20.5 

Table 30 Data obtained from ADAMS simulations 

The results from Table 30 have been used in the static steering model (Equation 12) and 
results from the calculations are shown in Table 31. 



Design of Automatic Emergency Brake 

 82

 
Test vx[km/h] ay,C1[m/s

2
] ay,C2[m/s

2
] Dsteer,C1[m] Dsteer,C2[m] 

1 

90 3.66 3.25 27.7 29.4 

70 3.67 2.82 21.5 24.6 

50 3.30 2.23 16.2 19.7 

2 

90 3.74 3.27 27.4 29.3 

70 3.83 2.95 21.1 24.0 

50 3.23 2.14 16.4 20.2 

3 

90 3.74 3.27 27.4 29.3 

70 3.53 2.66 22.0 25.3 

50 3.02 2.06 17.0 20.5 

Table 31  Results from calculations made with static steering model with data from ADAMS as input 

Where: 

model static and ADAMSbetween  by trailer required distancein  difference

model static and ADAMSbetween  by tractor required distancein  difference

obstacle avoid  toby trailer required distanceheadway  calculated 

obstacle avoid  toby tractor required distanceheadway  calculated 

ADAMS from obtained on trailer actingon accelerati lcentripeta maximum

ADAMS from obtained on tractor actingon accelerati lcentripeta maximum

 velocityallongitudin

C2

C1

2,

1,

2,

1,

=∆

=∆

=

=

=

=

=

Csteer

Csteer

Cy

Cy

x

D

D

a

a

v

 

In Table 32 a comparison between DHW results from Tables 30 and 31 can be seen. 

Test vx[km/h] DC1[m] DC2[m] Dsteer,C1[m] Dsteer,C2[m] ∆C1[m] ∆C2[m] 

1 

90 31 33 27.7 29.4 3.3 3.6 

70 24 25.5 21.5 24.6 2.5 0.9 

50 20 21 16.2 19.7 3.8 1.3 

2 

90 31 33.5 27.4 29.3 3.6 4.2 

70 24 25.5 21.1 24.0 2.9 1.5 

50 20 21 16.4 20.2 3.6 0.8 

3 

90 31 33.5 27.4 29.3 3.6 4.2 

70 24 25.5 22.0 25.3 2 0.2 

50 19.5 20.5 17.0 20.5 2.5 0 

Table 32  Comparison between results from calculations made with static steering and results from 
ADAMS 

Where: 

model static and ADAMSbetween  by trailer required distancein  difference

model static and ADAMSbetween  by tractor required distancein  difference

C2

C1

=∆

=∆
 

Looking at Table 32, the static steering model should be conservative i.e. DHW required to 
avoid an obstacle for the static model should be shorter than, or equal to, the dynamic model 
(ADAMS). Considering the interval of deviation for the dynamic model which is ±0.5 meters, 
the conclusion is that the static model normally is conservative. 
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Part IV:              
Concluding Remarks 
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12 Discussion and Conclusions 
The first aim of this thesis work was to perform a survey of Driver Assistance Systems and 
thru accessible information match functions with accidents, functions with sensors etc. and 
come up with a possible roadmap for Driver Assistance Systems in heavy trucks. 

Information about DAS has been gathered and analyzed. Accident statistics have been 
presented, sensors and functions have been described, and each of them has been associated 
with the other and has formed the base for a roadmap. 

The roadmap presented is one possible roadmap and many different aspects have to be taken 
into consideration where sensors are one of the key aspects in developing DAS. System and 
the degree of driver assistance are other aspects. Also, non-technological aspects like traffic 
safety enhancement and customer demands and acceptance are just as important to have in 
mind. 

The second aim was to design an Automatic Emergency Brake. Hence, a decision model for 
an emergency brake was designed. The results focus on whether an emergency brake is 
capable of reducing fatalities. 

It is important to point out that this decision model does not cover all possible scenarios in 
everyday traffic, since the aim has been to design an emergency brake capable to mitigate 
rear-end accidents. 

The results show that this model, referred to as emergency brake type 1 in the text, has high 
capabilities to mitigate collisions. At the same time it can be seen that it sometimes would be 
possible to brake even later and still achieve an acceptable mitigation level. 

At high velocities of host vehicle, this model just about manage to reduce the energy to a 
tolerable level i.e. it shows that this is the limit in order to make the collision to be non-fatal. 
At lower velocities of host vehicle, it is possible to brake later and still achieve an acceptable 
mitigation level i.e. it could signify that the risk of false alarms increases at lower velocities. 
These results are expected since the DHW required to avoid a collision by steering gets more 
and more dominating at higher velocities. 

It could be interesting to delay the decision when possible, since it is important that the 
acceptance from drivers of this category of systems is high and therefore it is desired to keep 
the level of false alarms as low as possible. 

12.1 Recommendations for Future Development 

The emergency brake designed here does only have rear-end collisions as objective. A 
possible rear-end situation is for instance traffic jam and in this situation it can be assumed 
that the object will not move in lateral direction and therefore it is the trucks capabilities 
which are crucial. 

In other situations it is probably the preceding object capability to move out of the way which 
is crucial, or the combination of both vehicles steering away from each other. In these cases 
the steering model has to be modified, which should be relatively easy to do. 

For even more complex traffic situations it is possible that a more detailed decision model is 
required. For instance, the steering model could probably be improved by replacing it with a 
dynamic model such as a bicycle model. 
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Combining the upper limit derived in this thesis with a lower limit could also be of interest. In 
this way the brakes could, in some cases, be applied at a later time in order to reduce false 
alarms. 

A lower limit could, for example, be when braking is necessary in order for the collision to be 
non-fatal (note that this distance is not always shorter than that calculated by the decision 
model). This example is unfortunately not the optimal solution. The reason for this is that the 
energy required to be absorbed in the crash is proportional to the second power of relative 
collision speed. If the collision is assumed to be non-fatal when this energy is below 100 kJ 
(and the weights of the vehicles involved are 40,000 kg and 1,500 kg), the collision will be 
non-fatal as long as the relative collision speed is below about 42 km/h. This means that the 
decision distance would be 0 m as long as the relative speed is below 42 km/h which in many 
cases gives no interesting information. 

It would also be interesting to simulate a traffic jam situation, since the results in this report 
are calculations of “on the spot situations” and therefore it is hard to evaluate how the 
emergency brake will react. With a simulation of a situation it would be easier to see those 
situations that really are interesting. This knowledge will make it easier to adjust the model 
according to the requirements. 

However, the most important part is to test this decision model in practice. This is the only 
way to know if it works satisfactory.
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Nomenclature 

ABS Anti-lock Braking System 

ACC Adaptive Cruise Control 
ADAS Advance Driver Assistance Systems 

AEB Automatic Emergency Brake 

AICC Autonomous Intelligent Cruise Control 
BAS Brake Assistance 

BSD Blind Spot Detection 

CA Collision Avoidance 
CCD Charged Coupled Devices 

CM Collision Mitigation 

CMOS Complementary Metal Oxide Semiconductor 
CW Continuous Wave 

CW Collision Warning 

CS Collision Speed 
DAS Driver Assistance Systems 

DCA Collision Avoidance Distance 

DHW Headway Distance 
ESP Electronic Stabilization Program 

FCW Forward Collision Warning 

FM-CW Frequency Modulated Continuous Wave 
FOV Field Of View 

FSK Frequency Shift Keying 

HMI Human-Machine Interface 
HV Host Vehicle 

IR Infrared  

LCA Lane Change Assistant  
LCW  Lane Change Warning 

LDW  Lane Departure Warning 

LKA  Lane Keeping Assistant 
MMIC Monolithic Microwave Integrated Circuits 

PV Preceding Vehicle 

THW Headway Time 
TLC Time to Line Crossing 

TSR Traffic Sign Recognition 

TTC Time to Collision 
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List of Variables 

 

Variable Description Unit 

a Acceleration m/s2 

CS Collision Speed m/s 

D Distance m 

δsteer Steering Wheel Angle ° (Deg) 
DCA Collision Avoidance Distance m 

∆ Difference in Distance m 

DHW Headway Distance m 
E Energy J 

Ek Kinetic Energy J 

m Mass kg 
R Steering Curvature m 

t Time s 

τ1 Driver Reaction Time s 
τ2 System Delay s 

THW Headway Time s 

TLC Time to Line Crossing s 
TTC Time to Collision s 

v Velocity m/s 

v0 Initial Velocity m/s 
vx Longitudinal Velocity m/s 

yv&  Lateral Acceleration m/s2 

w Width m 
ψ&  Yaw Rate 1/s 
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Appendix 1 

NHTSA [14] Impact point on other vehicle 

Impact point on truck Front Left side Right side Rear Total 

Front 29% 18% 13% 6% 66% 

Left side 8% 1% <1% <1% 10% 

Right side 6% <1% <1% <1% 7% 

Rear 16% <1% <1% <1% 17% 

Total 59% 20% 14% 7% 100% 

 
NHTSA [14] 

Impact point on truck Impact point on other vehicle Accident type 

Front Front Oncoming 

Front Left side Intersection 

Front Right side Intersection 

Front Rear Rear-End 

Left side Front Intersection 

Left side Left side Oncoming 

Left side Right side Lane change 

Left side Rear Other 

Right side Front Intersection 

Right side Left side Lane change 

Right side Right side Oncoming 

Right side Rear Other 

Rear Front Rear-End 

Rear Left side Other 

Rear Right side Other 

Rear Rear Other 

 
ACEA [8] Impact point on other vehicle 

Impact point on truck Front Side Rear Total 

Front 28% 15% 20% 63% 

Side 13% - 3% 17% 

Rear 18% 1% 2% 20% 

Total 60% 15% 25% 100% 

 
ACEA [8] 

Impact point on truck Impact point on other vehicle Accident type 

Front Front Oncoming 

Front Side Intersection 

Front Rear Rear-End 

Side Front Intersection 

Side Side Oncoming/Lane change 

Side Rear Other 

Rear Front Rear-End 

Rear Side Other 

Rear Rear Other 
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Appendix 3 
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