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Preface 
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Methods for the evaluation of traffic safety effects of Antilock Braking System 
(ABS) and Electronic Stability Control (ESC) – a literature review 
by Astrid Linder, Tania Dukic, Mattias Hjort, Ylva Matstoms, Selina Mårdh, Jerker 
Sundström, Anna Vadeby, Mats Wiklund and Joakim Östlund 
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Summary 
In today’s vehicles, active safety systems are introduced addressing a large variety of 
safety issues such as providing optimal stability control, braking effect, preventing spin 
and rollover, as well as collision avoidance, to mention just a few. In addition, the 
number of these systems is expected to grow. 

In this study a literature review was performed in order to establish how the traffic 
safety performances of active safety systems with focus on Antilock Braking System 
(ABS) and Electronic Stability Control (ESC) are assessed. The areas covered were 
statistical evaluation, testing and driver behaviour. Furthermore, needs and gaps 
identified in the literature review were used in order to make recommendations for 
further development of methods to assess the traffic safety effect of active safety 
systems could be carried out. 

The literature review showed that in particular two different statistical methods had 
been used in order to evaluate the traffic safety effect of ESC, both based on odds ratios. 
In order to evaluate the effect of ESC in physical testing there are several different 
possible test methods described in this report, in particular the test recently proposed by 
NHTSA in USA. Estimations of driver behaviour effects have been carried out by 
surveys send to vehicle owners equipped with or without active safety systems. 
Occasional experiments performed in field or in simulator have also been found in the 
literature. From previous and on going EU projects a variety of measures and test 
methods are available for assessment of driver behavioural effects. In addition, 
protocols for assurance that no negative effects have been caused are available from the 
driver behaviour area. 

Future studies are suggested based on the findings in this literature review in the area of 
statistical methods, physical testing and driver behaviour. In the area of statistical 
methods it is suggested that different statistical methods should be applied on the same 
data set in order to quantify their differences when used to evaluate traffic safety effects 
of active safety systems. In the area of physical testing it is suggested that the ESC 
performance test manoeuvres described in this review are evaluated, not only with 
respect to robustness and repeatability, but also their relevance to the kind of crashes 
that could be avoided with ESC. For evaluation of driver behaviour, development of a 
checklist for expert judgement of active safety systems is suggested. User testing in 
controlled or simulated situations could also be considered in future studies. 
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Metoder för att utvärdera trafiksäkerhetseffekter av låsningsfria bromsar (ABS) 
och antisladdsystem (ESC) – en litteraturstudie 
av Astrid Linder, Tania Dukic, Mattias Hjort, Ylva Matstoms, Selina Mårdh, Jerker 
Sundström, Anna Vadeby, Mats Wiklund och Joakim Östlund 

VTI  
581 95  Linköping 

 

Sammanfattning 
Aktiva säkerhetssystem introduceras idag i fordon för att minska risken för många olika 
olyckstyper. Exempel på sådana system är anti-spinn och vältningssystem, system som 
styr bromseffekten och kollisionsundvikande system för att endast nämna ett par. 
Antalet av dessa system i fordon förväntas dessutom att öka i framtiden. 

Studien syftar till att utifrån litteraturen belysa hur trafiksäkerhetseffekter av två olika 
aktiva säkerhetssystems uppskattas och utvärderas. De två system som ingår i 
översikten är antispinn och aktiva bromsar utifrån områdena statistiska metoder, 
mekanisk provning och förarbeteende. Dessutom ingår i översikten ett avsnitt där behov 
som har identifierats sammanställts samt förslag på hur framtida studier inom området 
skulle kunna utformas. 

Kunskapsöversikten visade med avseende på statiska metoder att framför allt två olika 
metoder har använts för att utvärdera trafiksäkerhetseffekten av antispinnsystem. Båda 
metoderna baseras på oddskvoter. För att i mekanisk provning utvärdera effekten av 
antispinnsystem beskrivs i studien på flera olika sätt, speciellt det provförslag som 
nyligen presenterats av NHTSA i USA. Uppskattning av förarbeteende har gjorts med 
hjälp av frågeformulär som sänts till fordonsägare vars fordon har varit eller inte varit 
utrustade med det undersökta aktiva säkerhetssystemet. I litteraturen finns också studier 
där man har undersökt förarbeteende i förarsimulatorer eller i fältstudier. I pågående och 
avslutade EU-projekt finns flera olika metoder beskrivna som syftar till att uppskatta 
effekten av förarens beteende. Dessutom finns det inom beteendevetenskapen utformade 
protokoll för att säkerställa att det introducerade systemet inte har några negativa 
effekter. 

Baserat på resultaten av kunskapssammanställningen föreslås framtida studier inom 
området statistiska metoder, mekanisk provning och förarbeteende. Inom området 
statistiska metoder föreslås att olika statiska metoder appliceras på samma data för att 
kvantifiera eventuella skillnader mellan resultaten av trafiksäkerhetseffekten av aktiva 
säkerhetssystem. Inom området mekanisk provning föreslås att provmetoden för 
antispinnsystemet som nyligen presenterats av NHTSA utvärderas inte endast utifrån 
repeterbarhet och robusthet utan också med avseende på dess relevans för de olyckor 
som antispinnsystemet syftar till att undvika. För utvärdering av förarbeteende föreslås 
att en checklista utformas för expertbedömning av aktiva säkerhetssystem. Användar-
prov eller simulerade scenarier övervägs också som framtida studier. 
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1 Background 
In today’s vehicles, active safety systems are introduced addressing a large variety of 
safety issues such as providing optimal braking effect, preventing spin and rollover, 
collision avoidance to mention just a few. In addition the number of these systems is 
expected to grow. Active safety systems, in contrast to passive safety systems, interact 
with the driver and environment. 

With the introduction of active safety systems arises the need of methods that evaluate 
the traffic safety performance of these systems. Their traffic safety performance can not 
fully be assessed using the testing methods in use to evaluate passive safety. However, 
much could probably be learned from the design of passive safety tests such as the New 
Car Assessment Program (NCAP) program. In addition to aspects that are included in 
NCAP, new challenges needs to be addressed in the assessment of active safety systems 
since they perform in an interaction with the driver. In the evaluation of the traffic 
safety effect of active safety systems new testing methods has to be developed since 
methods used in the passive safety cannot be directly adapted since they not include 
interaction with the driver. Furthermore, there is a limited time frame where the per-
formance of new systems could be evaluated using statistical methods. This possibility 
to compare the injury outcome of similar accidents for cars with and without a certain 
safety system arises since these systems are often initially introduced in a limited 
number of vehicle models which performance could be monitored. 
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2 Aim of the study 
The aims of this study were twofold. Firstly, a literature review was performed in order 
to establish how the traffic safety performances of active safety systems with focus on 
Antilock Braking System (ABS) and Electronic Stability Control (ESC) systems are 
assessed. The areas covered were statistical evaluation, testing and driver behaviour. 
Secondly, needs and gaps identified in the literature review were used in order to make 
recommendations on how to further develop methods to assess the traffic safety effect 
of active safety systems. 
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3 Material and Method 
A literature search was carried out at VTI library with search in several databases. Key 
words were identified from each of the research areas physical testing, statistical 
methods and driver behaviour. In addition information was gathered from the governing 
body Swedish Road Administration (SRA), The Swedish Motor Vehicle Inspection 
Company (AB Svensk Bilprovning) and from interviews with representatives from 
Swedish car manufactures. In order to gather information about technical details most of 
the information was found using the internet. 
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4 Literature review 
The literature search resulted in that 80 references were found and out of these were 
4 references found twice. The majority of references were found on the topic ABS. The 
search was performed with the search words ESC and related acronyms as well as ABS. 
The literature research was carried out at VTIs library by a “documentalist”. The search 
was performed in the databases that cover a wide range of publications in the traffic 
safety area. The databases used in the literature search were: TRAX, ITRD, TRIS, SAE, 
Scoupus, Compendex, Inspec, PsycInfo, Scopus and MathSciNet which are described 
more in detail below. 

 

The databases used in the literature search 

“Transport databases” 
TRAX – library catalogue at VTI. The database started 1979 and contain more than 
120,000 references to publications from 1920th and onwards. The annual growth is 
approximately 6 000 references per year. 

ITRD (International Transport Research Documentation) - An international database 
with references to transport related literature and ongoing research. ITRD started in 
1972 and is a part of OECD’s transport research program. It contains more than 350,000 
references. 

TRIS (Transport Research Information Service) – Is run by the American TRB 
(Transportation Research Board) and aim at distribute information about transport 
research. It contains more than 600,000 references to transport related literature and 
ongoing research. 

SAE (Society of Automobile Engineering) - contains information on worldwide tech-
nical literature on technologies for self-propelled vehicles for land, sea, air, and space. 
Topics include engines, materials, fuels and lubricants, design manufacturing It contains 
approximately 140,000 references to transport related literature and ongoing research. 

“Technical databases” 

Compendex – is also named or part of EI Compendex or Engineering Index 
Compendex or Engineering Village2. Its focus is a broad engineering research 
perspective. It contains more than 8 millions references. 

Inspec, "... provides a comprehensive index to the literature in physics, electrical/elec-
tronic engineering, computing, control engineering, information technology, production, 
manufacturing and mechanical engineering. It also has significant coverage in areas 
such as materials science, oceanography, nuclear engineering, geophysics, biomedical 
engineering and biophysics". It contains more than 8 millions references (May 2006). 
Produced by The Institution of Engineering and Technology, a not for profit 
organisation registered as a charity in the UK. 

Other databases 

Scopus – A biographic reference database containing more than 28 million abstracts 
and 245 million references added to the abstracts. Scopus covers broadly health and life 
science i.e. technology, social science, psychology economy, environment etc. Scopus 
is produced by Elsevier. 
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PsycInfo - covers broadly behaviour science such as: behaviour psychology and related 
behavioural and social sciences, including psychiatry, sociology, anthropology, educa-
tion, pharmacology, and linguistics”. It contains approximately 2,200,000 references. 

MathSci (also called MathSciNet) – "...  produced by the American Mathematical 
Society (AMS), provides comprehensive coverage of the world's literature on mathe-
matics, statistics, computer science and their applications in a wide range of disciplines, 
including operations research, econometrics, engineering, physics, biology, and many 
other related fields. Coverage is international, with nearly one third of the documents 
indexed originally published in languages other than English." 

Comment: The large database Medline is not part of the list above since all journals that 
are found in Medline are indexed in Scopus for the time frame that the search covers. 

 
4.1 Estimated traffic safety effects of ESC and ABS 
In this chapter a short summery of some of the studies that has estimation of traffic 
safety effects that has been found in the literature is presented. Several of the studies are 
more in detail described in the following chapters in the report. The figures shall be 
used with great care in particular when comparing the estimation of one study with 
another. Different data sources have been used in various studies for example police 
reported data, one particular brand, insurance data etc, some authors provides confi-
dence interval others not etc. It is also important to point out that the studies can differ 
in the interpretation of what is meant with effectiveness. This means that the estimated 
traffic safety effect does not always express the same in the different studies. 

Lie et al. (2004) estimated the effectiveness of ESP in Swedish insurance data 
(Folksam). They estimated that the overall effectiveness was 22.1 (±21) percent, while 
for accidents on wet roads the effectiveness increased to 31.5 (±23.4) percent. The 
effects were even greater on roads with ice and snow: 38.2 (±26.1) percent. 

In a follow-up study by Lie et al. (2006), the overall effectiveness for all injury crash 
type was estimated to 16.7 (±9.3) percent, while for serious and fatal crashes the 
effectiveness was 21.6 (±12.8) percent. The corresponding estimates on wet roads for 
fatal and serious injury accidents were 56.2 (±23.5) percent while on snowy and icy 
roads 49.2 (±30.2) percent. 

In a German study by Grömping et al. (2004) using police reported accidents combined 
with hospital data from GIDAS the conclusions were that about 44 percent of loss of 
stability accidents among vehicles not equipped with ESP could be avoided by 
equipping these vehicles with ESP. 

Page and Cuny (2006) estimated the effectiveness of ESP in terms of reduction of injury 
accidents in France. Conclusions from the study by Page et al. were that the relative risk 
of being involved in an ESP-pertinent accident for ESP-equipped cars was 44 percent 
lower than the same risk for cars not equipped with ESP. They used two different odds 
ratios: the crude and the adjusted (logistic regression) and both methods gave similar 
results, none of them produced statistically significant estimates. 

Farmer (2004) studied the State Data System maintained by NHTSA and concluded that 
ESC was highly effective in preventing single vehicle crashes, ESC was found to reduce 
single-vehicle crash involvement by 41 percent and single vehicle injury crash involve-
ment by 41 percent. Overall, a 7 percent reduction in crash involvement and a 9 percent 
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reduction in injury crash involvement were found. All results were statistically signi-
ficant at the 5 percent level.  

Aga and Okado (2003) estimated the effectiveness of VSC by analysing accident data in 
Japan. The accident data used in the analyses was compiled by ITARDA (Institute for 
Traffic Accident Research and Data Analysis). Results pointed at an accident rate 
reduction of 35 percent for single car accidents, but no confidence intervals were 
presented in the report. 

By retro perspective analysis of accident data (EACS, European Accident Causation 
Survey), Sferco et al. (2001) found that ESP could have a potential to decrease the 
number of fatal accidents by 34 percent and injury accidents of 18 percent. 

Farmer et al. (1997) studied the effect of ABS on fatal crashes using insurance data 
(XX). Results showed that ABS has a little effect on fatal crashes involvement. 
However they found that ABS vehicles were significantly more involved in fatal 
crashes particularly single-vehicle crashes. 

Table 1  Estimated traffic safety effect. 

Reference Estimated 
traffic safety 
effect of 
ESC/ESP 

Estimated 
traffic safety 
effect of ABS 

Source of data Comments 

Evans (1995)  13±4% on 
crashes on wet 
roadway and 
4±13% on snow 
or ice compared 
to crashes on 
dry roadway  

  

Evans and 
Gerrish (1996) 

 Front-to-Rear 
crashes on wet 
roads 48±6% 
and on dry 
roads 1±6% 

  

Farmer et al., 
(1997) 

 Little effect on 
fatal accident  

  

Farmer (2001)  Little effect on 
fatal accident 

  

Sferco et al. 
(2003) 

decrease no of 
fatal accidents 
by 34% and 
injury accidents 
of 18%. 

 EACS, 
European 
Accident 
Causation 
Survey 

Retro 
perspective 
analysis of 
accidents 

Aga and Okado 
(2003) 

35%, no 
confidence 
interval 

 ITARDA 
(Institute for 
Traffic Accident 
Research and 
Data Analysis) 

Reduction of 
accident rate 
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Reference Estimated 
traffic safety 
effect of 
ESC/ESP 

Estimated 
traffic safety 
effect of ABS 

Source of data Comments 

Grömping et al. 
(2004) 

44%, no 
confidence 
interval 

 GIDAS data 
(German in-
depth accident 
study)  

Reduction of 
loss of stability 
accidents 

Lie et al. (2004) 22.1%(±21)  Insurance data Effect on wet 
roads 31.5 
(±26.1) and on 
ice and snow 
38.2 (±23.4) 

Lie et al. (2006) 16.7%(±9.3), all 
injury crash 
types 

21.6%(±12.8), 
fatal and 
serious crashes 

 Insurance data Serious and 
fatal accidents: 
effect on wet 
roads 56.2 
(±23.5) and on 
ice and snow 
49.2 (±30.2) 

Page and Cuny 
(2006) 

44%, results not 
significant 

 French National 
injury accident 
census 

Reduction of 
relative risk 

Farmer (2004) 41% (27-52) 
reduction of 
single-vehicle 
injury crash 
involvement  

 State Data 
System 
maintained by 
NHTSA 

9% (3-14) 
reduction in 
overall injury 
crash risk 
reduction 

Langwieder et 
al. (2003) 

25-30% 
reduction of all 
car crashes 
involving 
personal injury 

 Several data 
bases 

 

 
4.2 ESC and ABS on the market 

Active safety systems 
In this section an overview of four principle stability systems for active safety are 
presented. Focus for this section has been to provide a fundamental description of 
functions and limitations of active safety systems in vehicles used for the carriage of 
passengers. 

Four fundamental types of active safety systems are included in this study. 

• Anti-lock brakes 
• Traction control (anti-spin system) 
• Stability control (for directional stability) 
• Rollover stability systems 

Different manufacturers use somewhat different names or acronyms for these systems. 
The most commonly used product names and acronyms are listed below. 
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 Product name Manufacturer 
ABS Anti-Blocker System  

(anti-lock brakes) 

generic 

ASC Anti Spin Control BMW 

ASR Traction Control Audi 

DSC Dynamic Stability Control  BMW 

ESP Electronic Stability Program (Bosch) Audi, Mercedes, Saab  

ESC Electronic Stability Control The generic term recognised by SAE 

RMF Rollover Mitigation Function Bosch 

RSC Roll Stability Control Ford 

VSC Vehicle Stability Control Toyota, Lexus 

For a more complete list of all major product names please consult 
http://en.wikipedia.org/wiki/Electronic_Stability_Control

 

Although the names, and acronyms, of these systems vary between different car manu-
facturers their respective concepts are basically the same. All of these systems are 
computer controlled which makes them both faster and more susceptive than any human 
driver. The systems have separate functions but are more or less integrated to use the 
same sensors and partly the same control units. To be cost efficient, several car models 
share suspension and chassis design as well as sensors and hardware for their active 
safety systems. The control algorithms, however, are usually tuned for each individual 
car model. This individual tuning is made to satisfy the manufacturers' different 
philosophies on what handling characteristic their car should have.  

 
4.2.1 Anti-lock Brakes (ABS, Anti-Blocker-System) 

Fundamentals 
There are a few different manufacturers of ABS systems on the market but their funda-
mental functions are similar. The ABS controller basically prevents the braking wheel 
from skidding on the road surface. This is based on the knowledge that a skidding or 
spinning wheel has less traction and side stability than a rolling wheel (Demel and 
Hemming, 1989). Under ideal road conditions it usually takes a few seconds to brake a 
car to stop, but less than one second to lock-up a wheel. The electronic control unit 
(ECU) is thus programmed to decelerate each wheel near its peak slip condition without 
locking the wheel. By pulsating the brake pressure, up to 15 times per second, the 
controller admits the wheel to alternate between free rolling and braking during the 
pulse cycle. This controlled pulsing thereby preserves the ability to steer the vehicle in 
the desired direction while braking in a slippery road (Gillespie, 1992). The typical 
components of the ABS are shown in Figure 1. 
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Figure 1  Components of the Antilock Braking System. Photo: Bosch. 

Limitations 
On slippery roads the anti-lock brakes are most efficient when the brake pedal force is 
constant and high. To obtain full effect of ABS the old-school pump-braking technique 
should thus be avoided. However, regardless of what type of brake system the car has 
the stopping distance and ability to steer are still dependent on the friction that is 
available in the road tyre contact. During emergency braking on gravel roads or on 
roads with compacted snow ABS has proven to be less efficient than locking brakes 
(Macnabb et al., 1998). 

 
4.2.2 Traction control (Anti Spin) 

Fundamentals 
All driving wheels have some degree of spin which causes the wheel to have slightly 
higher velocity than the vehicle itself. When the road conditions offer too low friction 
the driving wheel can easily begin to spin without control. If the wheels begin to spin 
excessively the vehicle will lose both tractive force and side stability. The traction 
control system constantly monitors the driving wheels and avoids spinning by reducing 
traction power or braking the wheel that is accelerating much faster than the car 
(Gerstenmeier, 1986; Demel and Hemming, 1989). Primarily, anti-spin systems are 
designed to preserve the side stability of the vehicle but also have positive effects on the 
traction. 
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4.2.3 Electronic stability control (ESC)  
The stability systems referred to in this section is for directional stability under slippery 
road conditions. These systems are originally sprung from ABS and traction control 
systems that has been developed for more advanced wheel control (van Zanten et al., 
1995). Today, these systems offer holistic control of each individual wheel of the car. 
By comparing the steering input with the yaw motion and lateral acceleration of the 
vehicle the system identifies if the car is about to lose directional control. To avoid loss 
of control, and to offer correction of control wheels that are about to spin or slide can be 
individually controlled by exact braking or by reducing engine power. The five main 
components of a typical stability system are presented in Figure 2 below. The definition 
of ESC attributes proposed by the Society of Automotive Engineers (SAE) can be found 
in section 4.3.5.  

 

 

Figure 2  Components of the ESP-system. Photo: Bosch. 

Situations and performance 
When driving at constant speed on a straight road the stability control is of limited use. 
It is first when the vehicle is steered to negotiate a curve, changing lanes, or when 
avoiding obstacles that the system is activated. Two typical characteristics of a vehicle 
driving through a curve are oversteering and understeering. Here are examples of how a 
typical stability system handles these two situations, see Figure 3 and 4. 
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Handling oversteer in a curve 

The system applies the brake on the outer wheel(s) to give an outward compensating 
moment. This moment prevents the car from rotating in to the curve and avoids rear 
wheel side slip. 

 
 

Figure 3  Curve negotiation with and without ESC during oversteer. 

Handling understeer in a curve 

The system applies the brake on the inner rear wheel to give an inward compensating 
moment. This moment suppresses the under steering behaviour and prevents the car 
from ploughing out of the curve. 

 

 
 

Figure 4  Curve negotiation with and without ESC during understeer. 

Effectiveness 
According to EuroNCAP, the current types of stability systems for passenger cars are 
very effective. Swedish studies (Tingvall et al., 2003) have found that cars with ESC are 
on average 22 percent less likely to be involved in an accident (for wet conditions near 
32 percent). EuroNCAP reports corresponding effects for loss-of-control crashes 
decreased from 21 to 12 percent in Germany and Japan 30–35 percent. 
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Limitations 
Usually the stability system does not warn the driver but intervenes so that the driver 
does not realise/notice that the system is active. When the system is engaged the driver 
must actively steer the car to inform the system of the desired heading, otherwise the 
system will act on a false course (do not let go of the steering wheel). Most important is 
that the system cannot create higher friction than what is actually available between 
road and tyres. So, at too high speeds or during very slippery conditions the car can still 
lose directional stability during curve taking or careless handling. 

 
4.2.4 Roll Stability Control System 
This type of stability systems are designed to increase the rollover stability of vehicles 
with elevated centre of gravity, e.g. SUVs and light trucks. One of the most common 
types of accidents among this vehicle type is tripping (meaning that the vehicle strikes a 
low object, such as a curb or shallow ditch, causing it to tip over). Due to the high 
number of rollover accidents this type of systems are becoming increasingly common 
on the market. Basically the rollover control acts more or less like an anti-skid (ESC) 
system with an additional roll sensor for measuring the tendency to tip sideways. When 
the vehicle reaches a critical lateral acceleration during a turn the most common 
intervention is to apply the brake on the outer wheels to induce understeering. This 
limits the vehicles proneness to rollover when turning too sharp in a curve. The first 
Roll Stability Control system (RSC) was incorporated in a car 2003. An original ESP 
system can also be equipped with additional Rollover Mitigation Functions (RMF) 
without additional roll sensors (Liebemann, et al. 2004). Some manufacturers are 
introducing alternative systems with advanced active suspension controls to mitigate 
rollover. More advanced versions of the system with Rollover Protection, also 
incorporates a function that inflates the side airbag curtains at onset of a tip/roll. 

Limitations 
Since anti-roll-systems are merely designed to prevent onset of a rollover they cannot 
stop the vehicle from tripping when sliding in to an obstacle at too high speed (e.g. 
hitting a guardrail, curb or when outside the road). 

 
4.2.5 Latest features of active safety systems 
Since all the different stability systems are computer controlled they can easily be 
adjusted and tuned to give even more advanced performance. Here are a few examples 
on recent features of advanced brake and traction control. 

• A very light application of brakes to clean and dry the brake disk from moisture 
and dust (Brake Dryer). 

• Pre-tension of the brake pressure to prepare the system for emergency braking. 
• Increased brake force, in critical situations when the driver rapidly brakes but 

applies too little force (Dynamic Brake Control). 
• Distribution of the brake force between rear and front wheels to maintain 

stability while braking (Adaptive Brake Force). 
• Additional control of the inner rear wheel while braking in a curve (Cornering 

Brake Control). 
• Sluggish stability control, allowing the wheels to spin within a limited range 

(giving a controlled slip at a higher speed in curves (Dynamic Traction Control). 
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4.3 Statistics 
This section includes a review on statistical methods used to describe effects on traffic 
safety of active safety systems. It is divided into two parts. The first part review 
methods used to follow up effects of ABS and the second effects on ESP. To some 
extent the same statistical methods are described in both parts, but different notations 
might have been used. 

 
4.3.1 Statistical methods used to estimate effects of ABS 
Although anti-lock brake systems (ABS) have been showed in testing situation to 
decrease the braking distance during slippery road conditions as well as it allows the 
driver to steer and brake simultaneously one can not conclude that the same improve-
ment as was estimated for the tested situation fully will occur in traffic safety. The 
reason is that the driver might change his or hers behaviour so that the technical benefits 
from ABS vanish in a way so that the traffic safety is not increased.  

In this context it is of special interest to find out to what extent the long term effects of 
anti-lock braking systems on traffic safety is studied by the research community. ABS 
became standard on most manufactured passenger cars during the 1990’s.  

Several studies on the matter have been published over the time. Nearly all of them have 
used the same approach. Reports on road traffic accidents are gathered from official 
sources, which include information on the manufacturers and type of involved 
passenger cars. However, those reports do not contain information on whether the cars 
are equipped with ABS or not. The general approach to this is find information from the 
car manufacturers on which car models are equipped with ABS and which are not. Then 
an accident ratio can be determined for passenger cars with ABS and a corresponding 
ratio for cars without ABS. Those ratios might be determined in different ways. 
Typically, the technical benefits from ABS are assumed to have effect on certain types 
of accidents, say type a accidents, while the effect on other types of accidents, say type 
b accidents, are negligible.  Then let  and  be the number of type a and type b 
accidents where ABS equipped passenger cars are involved. In the same manner let  
and  be type a and b accidents where non ABS equipped passenger cars are 
involved. If the ABS were removed from the ABS equipped cars then one expect the 
same ration between the number type a and b accidents as for the cars not ABS 
equipped. In other words if ABS were removed then the expected value of  would 
become 

aA bA

aN

bN

aA

bab NNA × . Then the ratio of  and aA bab NNA ×  estimate the effect of ABS 
on the number of type a accidents. Note that that ratio is the so called odds ratio, i.e. 
( ) ( )baba NNAA . If all entries in that odds ratio are assumed to Poisson distributed 
then statistical inference can be done in several ways, e.g. logistic regression. In fact 
many of those methods can be adjusted so that so called over dispersion is permitted. 
Examples of such studies are documented in (Delaney and Newstead, 2004; Evans, 
1998; Evans, 1995; Evans and Gerrish, 1996; Farmer, 2001; Farmer et al., 1997; 
Kullgren et al., 1994.).  

Another approach is to gather data on occurred accidents as well as eventual ABS 
equipped cars is trough a postal survey. (Broughton and Baughan, 2000, 2002) shows 
results of a large postal survey among British car owners.  

VTI rapport 580A 21 



 

The publications by Evans (1998), Evans (1995), Evans and Gerrish (1996), Farmer 
(2001), and Farmer et al. (1997) are to a large extent based on the same data. GM made 
ABS standard equipment on several car models from year 1992. Up to then the same car 
models was not available with ABS.  

Evans (1995) denotes their analysis method, double pair comparison method, but it is in 
this context equivalent to common odds-ratio analysis. A description of the double pair 
comparison method is found in Appendix 1. It is assumed that ABS has negligible effect 
on dry road surfaces. Then a ratio for ABS-equipped vehicles is determined with the 
number of accidents on wet road surfaces as numerator and the number on dry road 
surfaces denominator, drywet AA . Corresponding ratio is then determined for the non 
ABS equipped cars, drywet NN . Those ratios can be considered as observed odds for 
accidents on wet road surfaces versus accidents on dry road surface. Since it assumed 
that ABS has a negligible effect on dry road surfaces the hypothesis that ABS will 
increase traffic safety implies that the odds for the ABS equipped cars is lower than for 
the non ABS equipped cars. To this end the odds ratio is calculated  

 
drywet

drywet

NN
AA

R =1 .  

Under the hypothesis of a positive ABS effect that odds ratio should be smaller than 
one. However, as pointed out by Evans (1995), the odds ratio might be confounded by a 
model year effect, since all ABS equipped cars are of model year 1992 and those 
without of model year 1991. The model year effect can however be estimated by all 
other cars, besides the considered GM models, of model year 1991 and 1992. A 
corresponding odds ratio is determined for those vehicles, where the odds in the 
numerator is for vehicles of model year 1992 and the odds in the denominator is for cars 
from 1991, so that  

 
drywet

drywet

MYMY
MYMY

R
9191
9292

2 = . 

The ratio of those two odds ratios 21 RRR =  would be a proper estimate of the effect 
from ABS. Note that R consists of eight inputs. The inputs are the accidents count in 
different categories. Those counts might be considered as statistically independent. 
Evans (1995) also assumes that those accidents counts properly follow Possion 
distributions. Under that assumption one can find a likelihood estimate for R, the effect 
estimate. It is then possible to determine a confidence interval for the effect estimate, R. 
In fact, Evans (1995) rather consider (1 – R)×100 percent as the effect estimate, but the 
inference is in principal the same. One comment though, the variance for R is estimated 
through the estimate of logR. Say that s is the estimated standard deviation for logR. 
Then the estimated standard deviation for R is given by the first order approximation 
s×R. This means that there are two ways to calculate a 95 percent confidence interval 
for R. They are R×Exp(±1.96×s) and R ± 1.96×s×R, where ± indicates upper and lower 
limit respectively. The first method is statistically more appealing since it only can 
contain valid positive numbers but on the other hand will not the point estimate R be the 
median of the interval. The second method then might result in a confidence interval 
that contains negative numbers but the point estimate is the median of the confidence 
interval. Evans (1995) uses the second method. 
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Evans (1995) performs several similar analyses replacing the conditions wet or dry road 
surface by other pair of road accident condition. Evans (1998) mainly describes the 
same analysis as Evans (1995). Evans and Gerrish (1996) uses the same data and 
analysis method as Evans (1995), but considers another accident condition, namely 
crash into the rear of the vehicle in front or struck in the rear by the vehicle behind.  

Farmer (2001) and Farmer et al. (1997) consider accidents involvement for the same 
vehicles as Evans (1995) but there are other car models included as well. The analysis 
method is similar to that of Evans (1995) but not so well described. Especially, the 
description of how the model year effect is compensated for, see above, is very crude. 
Farmer (2001) is interesting since there long term effects of ABS is estimated and 
compared with the corresponding short term effects estimated by Farmer et al. (1997). 
The long terms effects of ABS seems to generally be more positive on traffic safety than 
the short terms, but still the overall effect of ABS is not unambiguous.  

The analysis method used by Kullgren et al. (1994) is similar to those mentioned above 
although the accident data is Swedish. Whether or not an accident involved car was 
equipped with ABS was determined by car type a manufacturer. Kullgren et al. (1994) 
assume that ABS has no effect on the number of accidents with oncoming cars on the 
same lane. That assumption is somewhat peculiar since crashes between oncoming cars 
can be the consequence when a car has skidded. They then determine an odds ratio, but 
do not fulfil any statistical inference.  

Delaney and Newstead (2004) uses similar methods as above, but also describe how to 
quantify secondary safety, i.e. the injury outcome given that an accident has occurred.  

In all studies described above case and control accidents might be determined in several 
ways. It is however common that for the case accidents it might be assumed that ABS 
can have effect on the frequency but for the control accidents it could be argued that 
ABS has no or neglectable effect.  

There are really two main comments regarding the statistical methods applied in the 
studies described above.  

First of all the Poisson assumption might not hold, i.e. since there often remain predict-
able variance that is not explained by the applied model, e.g. different whether condi-
tions or other implemented traffic safety measures. In that case the residual variance 
will be larger than the level suggested by the Poisson assumption. The problem is rather 
easy solved by introducing an overdispersion parameter in the model. 

Secondly, there is the problem with causality. The methods described above may only 
establish significant association between equipment and the number of accidents, but 
that does not necessarily imply a causal relationship. During the last decades there has 
been a rather intense statistical research on how to find better methods to describe 
causal effects. In the future it might be interesting to try to implement some of those 
results when analysing accident statistics. 
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Road user surveys 
Broughton and Baughan (2000, 2002) describe the results of a large postal survey to 
British car owners. Approximately 80,000 questionnaires were sent out but only one 
fourth was answered. That is a serious setback.  

The method is anyhow interesting. The questionnaire contained question about the 
eventual ABS in the respondent’s car, accidents involvement and knowledge about how 
to use ABS and the effect of ABS. It is then possible to correlate the respondent’s 
knowledge about ABS with accident frequencies.  

A slight reduction, 3 percent, was the estimated effect of ABS on road accidents, but 
with a rather wide 90 percent confidence interval (-7 percent, 12 percent). The 
corresponding estimated effect on injury accidents was -3 percent, i.e. a minor increase, 
with an even wider 90 percent confidence interval (-39 percent, 23 percent). The 
respondents were asked how they think ABS should be used. However, a better effect of 
ABS on the number of accidents among those drivers that answered correct could not be 
proved. 

Still the serious setback is the low response rate. 

 
4.3.2 Statistical methods used to estimate effects of ESC systems 
As mentioned in Section 4.1, the name given to an Electronic Stability Control (ESC) 
system varies between vehicle manufacturers. In the articles studied below, other terms 
such as ASC (Active Stability Control), VSC (Vehicle Stability Control) and ESP 
(Electronic Stability Program) were used. In the following text, the same notation as in 
the original articles was used. 

 
Retro perspective studies of accidents, experts judgements 
Before a new safety system is introduced to a large extent on the market, there are few 
accidents to analyse in a statistical evaluation. Therefore, other ways than comparing the 
injury outcome of accidents in different exposure groups to estimate the safety effect 
must be used. Several studies have investigated the potential effectiveness of ESP by 
retro perspective analysis of accident data and used experts to judge whether the 
accident maybe would have been prevented if the cars have had ESP. Sferco et al. 
(2001) used in-depth analysis data from the European Accident Causation Survey 
(EACS). By studying the outcome from 1,674 accidents in 5 European countries experts 
were asked to record their judgement in a scale divided in five degrees as follows: 

1. ESP would have definitely not influenced the accident. 
2. ESP would have maybe influenced the accident. 
3. ESP would have probably influenced the accident. 
4. ESP would have definitely influenced the accident. 
5. ESP would have definitely avoided the accident. 

 
Some of the results of the expert’s judgements are presented in Figure 5  Potential for 
ESP estimated from EACS data for all accidents involving loss of control, Sferco et al. 
(2001). 
5 where the potential of ESP are studied for accidents involving loss of control (Sferco 
et al., 2001). 
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Figure 5  Potential for ESP estimated from EACS data for all accidents involving loss 
of control, Sferco et al. (2001). 

If the accidents were classified in categories 3–5, it was thought that the accident 
outcome would have been influenced by the presence of ESP. For accidents involving 
loss of control, 67 percent of the fatal accidents and 42 percent of all injury accidents 
was estimated to have been influenced by ESP. When Sferco et al. studied all kind of 
accidents; the results showed that in 18 percent of all injury accidents and 34 percent of 
fatal accidents, ESP would have a certain positive influence. ESP is thought to be most 
effective on one lane roads, in rain and at high speed. It is also likely that ESP is most 
effective to prevent fatal accidents. 

A similar approach is described in Langwieder et al. (2003), where Institute for Vehicle 
Safety Munich (IFM) investigated the potential effect of ESP. This was done by a retro 
perspective analysis of data from real life accidents from several accident databases to 
judge whether an accident could have been prevented or mitigated by an ESP system or 
not. Langwieder et al. found that loss of control could be identified in approximately 
25–30 percent of all car accidents involving personal injury. 

 
Statistical analysis to estimate the effect of ESC 
Different approaches to analyse the potential of  Electronic Stability Control (ESC) 
systems are tried by Lie et al. (2004, 2006), Page and Cuny (2006), Grömping et al. 
(2004), Dang (2004), Farmer (2004) and Aga and Okada (2003). The studies are 
similar, but the evaluation methods differ. Similar to the studies where ABS is 
evaluated, (Delaney (2004), Evans (1995, 1996, 1998), Farmer (1997, 2000) and 
Kullgren (1994)), most of the ESC studies determined an accident ratio for cars with 
ESC that was compared with the corresponding ratio for cars without ESC. One key 
issue treated in almost every study, though in different ways, was how to measure the 
exposure for ESC equipped cars. In general, it is rather difficult to obtain information 
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about the exposure of ESC equipped cars since such information is not included in the 
accident data bases or in the vehicle registration register. 

Lie et al. (2004) aimed at estimate the effect of ESP using data from real life accidents 
in Sweden. ESP is expected to have most effect on roads with low friction; therefore Lie 
et al. have selected accidents on low friction roads as accidents sensitive to ESP. Two 
different sets of vehicles have been studied, with and without ESP. Swedish police 
reported accident data where at least one occupant was injured was used. Vehicles 
model year 1998–2003 and accidents during 2000–2002 were included in the evalua-
tion. Car models with and without ESP were identified using vehicle codes. To isolate 
the role of ESP, Lie et al. chooses to study vehicles that were as similar as possible in 
make and model, if possible the vehicles differed only by being ESP-equipped or not. 
Only cars where ESP was introduced as standard equipment at a certain point of time 
were used. This was done to avoid bias due to that a certain set of drivers actively 
choose cars with extra equipment. All cars in the analysis were equipped with ABS. 

Another problem concerning data discussed in Lie et al. was the time period for 
collecting accident data. If the same time period was chosen for cars with and without 
ESP, the cars without ESP were on average older than cars with ESP. On the other 
hand, if the age of the cars was identical, the period during which the accident data was 
collected will differs. In the analysis of Lie et al., the same period of time was chosen. 
The authors mention that it is possible to control for such confounders by studying the 
history for cars without ESP to se what happens when the car gets older. This was 
however not part of the analysis. 

The case cars in the analysis were predominantly Mercedes Benz, BMW; Audi and 
Volkswagen. The majority of the selected case cars were so called up-market models, 
but also broader market cars considered were included. Overall, 442 crashes with ESP-
equipped cars and 1 967 crashes with cars not equipped with ESP (control) were used in 
the analysis. Information about road condition (wet/dry, snowy/icy), collision type and 
actual speed limit were collected for each crash. 

To ensure that the accident distribution of the control group did not differ from the 
accident distribution for all cars, the accident distribution of all post-1998 car models 
were compared to the accident distribution of the matched control group. No major 
differences among the distributions were found. 

The method used induced exposure to estimate the true exposure and relied on that it 
was possible to identify at least one type of accident not sensitive to ESP. The evalua-
tion method was inspired by the double pair comparison method developed by Evans 
(1986) and was similar to the method used by Evans (1998) in the evaluation of ABS. 
The double pair comparison method is described in Appendix I. Based on experts 
evaluations done in Sferco et al. (2001), Lie et al. assumed that rear-end accidents on 
dry surfaces were insensitive to ESP and therefore used as a reference in the analysis.  

Let 

A = number of accidents sensitive to ESP 

N = number of accidents not sensitive to ESP. 

The effectiveness of ESP on accidents sensitive to ESP was in its purest form calculated 
by: 
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If the effectiveness, E = 1, then ESP has no effect. The standard deviation was given by: 

∑=
i in

Es 1 , (2) 

where ni is the individual number of crashes for each crash type i, see Evans (1998). 

The study by Lie et al. (2004) did not control for effect of vehicle age. There was no 
correction made to address possible influence from driver/passenger age and gender. 
The comparison was restricted to rear-end accidents since the data set was not large 
enough to allow a detailed analysis of various accident types. Some conclusions from 
Lie at al. (2004) were that the overall effectiveness was 22.1 (±21) percent, while for 
accidents on wet roads the effectiveness increased to 31.5 (±23.4) percent. The effects 
were even greater on roads with ice and snow: 38.2 (±26.1) percent. 

In a follow-up study, Lie et al. (2006) made a new analysis with a larger data set with 
the same focus as in Lie et al. (2004), namely to estimate the effect of ESC using data 
from real life accidents in Sweden. Here, the effectiveness is also studied for different 
injury severities: all injury crashes and fatal and serious crashes. It is also investigated if 
the deformation pattern differs between cars with and without ESC. 

The procedure to choose cars in the case and control group was similar as in Lie et al. 
(2004). The vehicles were from model year 1998–2005 and accidents occurred during 
1998–2004. In the analysis, 1 942 crashes with ESC-equipped cars and 8 242 crashes 
with non-ESC equipped cars were used. The method was the same as in the study from 
2004. One improvement of the study was that the age effect between cars with and 
without ESC was investigated by studying if the ESC effect in the oldest cars had 
changed over time. No significant difference was found.  

In Lie et al. (2006) the overall effectiveness for all injury crash type was estimated to 
16.7 (±9.3) percent, while for serious and fatal crashes the effectiveness was 21.6 
(±12.8) percent. The corresponding estimates on wet roads for fatal and serious injury 
accidents were 56.2 (±23.5) percent while on snowy and icy roads 49.2 (±30.2) percent. 

According to the authors of the studies above, the most critical assumption in the two 
studies was the one that drivers were using cars equipped with and without ESC in the 
same way.  

In a German study by Grömping et al. (2004), a traditional case-control approach was 
compared to a new approach called a split register approach. For a more detailed 
description of the methods, see Appendix I. 

The data used to illustrate the method was from a German in-depth accident study, 
GIDAS, from1994–2003. GIDAS data is assumed to be representative for the accident 
situation in Germany. To avoid dependences between vehicles used in the analysis, only 
one vehicle from each accident was used. The accidents were partitioned into four 
groups: 

•  = loss of stability accidents D

• D  = other accidents. 
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The exposure was whether the vehicle was equipped with ESP or not: 

• E = the vehicle was equipped with ESP 

• E  = the vehicle was not equipped with ESP. 

Table 2  Description of the probabilities used in Grömping et al. (2004). 

 D  D  

E  ),|( xEDP  ),|( xEDP  

E  ),|( xEDP  ),|( xEDP  

 

Similar to the case control approach, described in Appendix I, all vehicles in group D 
were used as cases and all vehicles in group D  were used as controls. The cases and 
controls together made up the whole population of vehicles in the accident data base. 
Almost 50 percent of the accidents were considered to be loss of stability accidents and 
nearly 3 percent of the vehicles in the database were equipped with ESP.  

Grömping et al. makes an additional assumption compared to the case-control approach, 
namely that accidents not sensible to ESP does not depend on whether the vehicle is 
equipped with ESP or not:  

)|(),|(),|( xDPxEDPxEDP == . (3) 

It can be shown that this assumption leads to that the odds-ratio equals the relative risk 
of accidents of interest for vehicles with ESP compared to vehicles without ESP (for 
more details see Appendix I). 

One minus the relative risk can be interpreted as the proportion of accidents (D) that 
could be avoided if all cars not equipped with ESP were “upgraded” and equipped with 
ESP. 

Grömping et al. used logistic regression methods to estimate the relative risks. A large 
number of variables that could affect the outcome of the accidents were tried. The final 
model used twelve covariates, x. Due to that, only about 25 percent of all accidents had 
complete information about all variables used in the logistic regression; a missing value 
algorithm was used to fill in missing values in the database. 

Advantages compared to the case control approach were that the relative risk and 
population risk could be estimated. Compared to methods that use only small subsets of 
vehicles, this approach allows all vehicles to be used. The important confounding 
information then has to be incorporated by a logistic regression. 

Conclusions from the study by Grömping et al. using GIDAS data were that about 
44 percent of loss of stability accidents among vehicles not equipped with ESP could be 
avoided by equipping these vehicles with ESP. 

Page and Cuny (2006) estimated the effectiveness of ESP in terms of reduction of injury 
accidents in France. 

Similar to most other countries, it is not easy to access information about whether a car 
is equipped with ESP or not in France. Therefore, a very limited set of cars which 
include information about ESP was chosen. This resulted in that only one make and 
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model could be used, the Renault Laguna. Two sets of Lagunas, those without ESP 
(Laguna 1, produced before mid 2000) and those with ESP (Laguna 2, produced after 
2001 with ESP as standard equipment) were included in the study. Drawbacks with this 
choice of cars were for example that Laguna 2 benefited from active and passive safety 
improvements compared to Laguna 1, which was discussed in the article. A sample of 
1 356 Laguna cars involved in accidents in France during years 2000–2003 were 
chosen, but due to loss of information, only 588 crashes could be used in the analysis. 

The method used was a three step approach: 

• Step 1: represents the selection of accidents.  

• Step 2: identifies the accident situation and evaluates whether the accident was 
supposed to be influenced by ESP or not. Here, experts judgements based on in-
depth analysis of accidents were used. Some accidents types were more difficult 
to classify than others and therefore, there might be some classification errors. 

• Step 3: the effectiveness of ESP was estimated by:  

D
B

C
A

CB
DAORE −=

×
×

−=−= 111  (4) 

where A, B, C and D are described in Table3. 

Table 3  Distribution of accidents for the calculation of odds ratio OR. 

 ESP equipped cars Non-ESP equipped cars 

Accidents sensitive to ESP A B 

Accidents not sensitive to 
ESP 

C D 

 

After several assumptions not described in detail Page and Cuny (for example that the 
accidents sample is randomly drawn from the accident census), it is shown that the odds 
ratio can be interpret as the relative risk of being involved in an ESP accident for ESP-
equipped versus non-ESP-equipped cars: 
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R
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−

−

−

−

==  (5) 

where 

sasR − = risk of an accident where ESP is assumed to be pertinent for a car with ESP.  

nsasR − = risk of an accident where ESP is assumed to be pertinent for a non-ESP-car.  

sansR − = risk of an accident where ESP is assumed not to be pertinent for an ESP-car. 

nsansR − = risk of an accident where ESP is assumed not to be pertinent for a non-ESP car.  
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When only the information in Table 3 was used, only a crude odds ratio without 
information about possible confounders could be estimated. By logistic regression 
methods, an adjusted odds ratio was estimated. The adjusted odds ratio allowed 
information about confounders such as driver age and gender, vehicle age and year of 
accident to be considered. 

Conclusions from the study by Page et al. were that the relative risk of being involved in 
an ESP-pertinent accident for ESP-equipped cars was 44 percent lower than the same 
risk for cars not equipped with ESP. The use of the crude and the adjusted estimated 
odds ratio gave similar results; none of them produced statistically significant estimates. 

A study done by Dang (2004) evaluated the effectiveness of ESC in single vehicle 
crashes in the U.S. Different make and model of passenger cars and SUVs were studied. 
Cars with ESC as standard were compared to earlier versions of the same make and 
model without ESC. Vehicles with ESC as optional were not included in the analysis 
due to the fact that it was not possible to determine which of those vehicles that had 
ESC and which did not. The passenger cars in the analysis were predominately from 
Mercedes Benz, BMW and GM. SUV models included in the study were from 
Mercedes Benz, Toyota and Lexus. The selection of cars was biased towards more 
luxury car models. 

In the analysis it was assumed that ESC has no effect on multi-vehicle crashes, and 
therefore such crashes were used as a control group. Simple odds ratios were calculated 
based on a  contingency table, similar to Table 3. The reduction in single vehicle 
crashes were estimated by  and the reductions were found to be significant for 
both passenger cars and SUVs. Dang (2004) also compared these simple odds ratios 
with odds ratios calculated by means of logistic regression controlling for vehicle age, 
make and model group, driver age and gender. The estimates were approximately the 
same.  Dang concluded that single vehicle crashes were reduced by 35 percent in 
passenger cars and by 67 percent in SUVs. The results were statistically significant at 
the 0.01 level. Fatal single vehicle crashes were reduced by 30 percent in cars and by 
63 percent in SUVs, (Significant at 0.05 respectively 0.01 level). 

22×
OR−1

Farmer’s (2004) study aimed to improve the earlier estimates of ESC effectiveness done 
in the United States (Dang, 2004). Since there were more crashes involving ESC-
equipped cars in the US than for example Sweden, no induced exposure methods were 
needed.  

Farmer compared vehicles equipped with ESC as standard from 2000 or 2001 year 
model with vehicles without ESC that was assumed to be identical. Model years with 
identical designs have identical platforms and the same safety equipment. Farmer 
studied two different groups: the primary group with vehicles that changed from non-
ESC to standard ESC in consecutive model year and the secondary group consisted of 
vehicles that changed from optional to standard ESC in consecutive model years.  

Data from police-reported accidents in Florida, Illinois, Kansas, Maryland, Missouri, 
New Mexico and Utah during 2001–2002 were extracted from the State Data System 
maintained by National Highway Traffic Safety Administration (NHTSA). Vehicle 
make, model and model year were identified by the vehicles identification numbers 
(VINs). Information about fatal crashes of these vehicles was extracted from FARS 
(Fatality Analysis Reporting System) and vehicle registration counts were obtained 
from Vehicle Population Profile of R. L. Polk and Company.  
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Farmer calculated crash involvement rates per vehicle registration. If ESC had no effect 
on crash risk, then crash rates per registration should be the same for vehicles with and 
without ESC for each model. Farmer calculated the expected crash risk for each of the 
vehicles in the study and compared with the observed crash risk. The expected crash 
counts for the ESC-equipped version were derived as the product of the crash rate for 
the non-ESC version and the registration count for the ESC version. This was done for 
every vehicle included in the analysis and thereafter a risk ratio was computed. The risk 
ratio was calculated as the sum of the observed crash counts for ESC-equipped vehicles 
divided by the sum of expected crash counts. Several risk ratios for different levels of 
injuries and different accident types were calculated. Confidence intervals (95 percent) 
were calculated using a formula derived in Silcock (1994). The lower and upper limits 
are calculated as follows: 
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where O is the sum of observed crash counts, E is the sum of expected crash counts and 
),( yxpβ  is the pth percentile in the β -distribution with parameters x and y. Different 

risk ratios were calculated for the primary and secondary group of vehicles. Based on all 
police reported accidents in seven states over two years, Farmer concluded that ESC 
was highly effective in preventing single vehicle crashes, ESC was found to reduce 
single-vehicle crash involvement by 41 percent and single vehicle injury crash involve-
ment by 41 percent. Overall, a 7 percent reduction in crash involvement and a 9 percent 
reduction in injury crash involvement were found. All results were statistically 
significant at the 5 percent level.  

Aga and Okado (2003) estimated the effectiveness of VSC by analysing accident data in 
Japan. They established that it is important to study conditions where characteristics of 
vehicles and drivers did not differ too much. Therefore, three popular TOYOTA cars 
were selected to be included in the study. VSC was installed between model changes. 

Aga and Okado’s investigation period was the first 5 calendar years of the vehicle’s life 
including the register year. The investigations periods of the different cars did not fully 
coincidence, therefore traffic accidents trends were considered in the method. Accidents 
rates (accidents per 10 000 vehicles per year) were estimated by extent of vehicle 
damage. Results pointed at an accident rate reduction of 35 percent and that, but no 
confidence intervals were presented in the report. 

Limitations of the study done by Aga and Okado (2003) were that no confidence 
intervals were calculated and the method did not seem to have the possibility to include 
driver age and gender. 

Bahouth (2005) expanded the Aga and Okada study and evaluated Toyota vehicles in a 
larger sample of crashes occurring in the US. The data sources used were NHTSA’s 
State Crash Data files and the Federal Highway Administration’s (FHWA’s) State 
Highway Safety Information System (HSIS). Bahouth used a traditional case-control 
approach where all crash occurrences were considered relative rear-impact crashes. To 
adjust for the effect of vehicle age, a similar approach as Evans (1998) was considered. 
He estimated an overall reduction of multi-vehicle crashes of 11.2 percent (2.4 percent, 
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21.1 percent). A 52.6 percent (42.5 percent, 62.7 percent) reduction in single vehicle 
crashes was found. 

Green and Woodrooffe (2006) investigated the effect of ESC on motor vehicle crash 
prevention. They used a case-control approach with several different definitions of cases 
and controls. Some examples of cases and controls used in their study are found in 
Table 4: 

Table 4  Examples of cases and controls used in Green and Woodrooffe (2006). 

Cases Controls 

Single vehicle crashes Multi vehicle crashes 

Vehicles that run of the road Vehicles involved in rear-end crashes

 

The different divisions were based on the idea that since ESC is designed to assist the 
driver in loss-of-control situations, the cases were loss-of-control crashes and the 
controls crashes were not related (at least not so strong) to loss of control. Green and 
Woodrooffe used two different data bases in their analysis, namely Fatality Analysis 
Reporting System (FARS) and General Estimates System (GES). FARS includes all 
fatal accidents that occurred within the US, while GES is a representative sample of 
mostly non-fatal crashes. If there were insufficient information about whether a vehicle 
was equipped with ESC or not, the VIN number was matched against a file containing 
the ESC status for the vehicle of interest. Green and Woodrooffe investigated the age-
of-vehicle effect by studying the effect of ESC in three different situations: 

1. Cars of similar makes and models with and without ESC (FARS data). 

2. Cars, not older than three years (similar makes and models with and without 
ESC, FARS data). 

3. Vehicles with different makes and models, but similar model years (GES data). 

 

The results for cars equipped with ESC in the different analyses were: 

1. Reduction in the odds-ratio for single vehicle crashes by 30.5 percent 
(13.1 percent, 47.8 percent). 

2. Reduction in the odds-ratio for single vehicle crashes by 35.8 percent  
(18.3 percent, 53.3 percent). 

3. Reduction in the odds-ratio for loss of control crashes by 40.3 percent 
(21.9 percent, 58.7 percent). 

 

Green and Woodrooffe also considered the effect of driver characteristics such as age 
and gender. They used generalised additive models (Hastie and Tibshirani, 1990) to 
assess the effects of age, gender and ESC. No significant differences due to ESC were 
found between males and females, but some age effects could be shown. 
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4.3.3 General discussion 
Most of the articles described above, discuss that in general it is a challenge to find 
sufficient data. Often information about safety systems fitted in the vehicles are 
insufficient or even absent in the accident databases. These limitations leads to that only 
a limited amount of ESC-equipped cars can be identified correctly and thereafter used in 
the analysis. 

The methods used have similarities since most of them were based on ratios of different 
accident-ratios; they were though rather different in their character. Some methods were 
more detailed than others, restricting the analysis to certain groups of cars, accidents 
and road surfaces, while others used information more general. Though some overlap, 
the methods could be classified as: 

• induced exposure methods/simple odds ratios 

• odds ratios combined with logistic regression 

• methods originating from epidemiology where expected counts are compared to 
observed counts.  

 

One important point is that the method used must enable the calculation of some 
uncertainty measure such as a confidence interval. Many studies estimated similar 
effectiveness of ESC, but in for example Page (2006) the results are not significant 
though the point estimates are convincing and Aga and Okado (2003) presents similar 
results as Page et al. (2006) without presenting any confidence interval. 

For further evaluations and when new safety systems are introduced on the market, it is 
important to have easy access to vehicle data. In Sweden, information about safety 
devices might be included in the vehicle register. Due to limited access to data, several 
studies used limited number of car models in the analysis. In the method by Grömping 
et al. (2004), all cars involved in the accidents studied were used in the analysis. They 
used logistic regression with twelve covariates to describe the effect of ESC, but had to 
rely on an imputation algorithm when information about the covariates was missing. 

Many of the methods needed that accidents not sensitive to ESC were identified and 
compared to accidents sensitive to ESC. Different approaches to these classifications 
were made as described above, generally rear end crashes and multi vehicle crashes 
were considered as not sensitive to ESC. 

One issue considered in different ways was whether there was an age effect due to that 
ESC-equipped cars are on the average younger that cars without ESC. Lie et al. (2006) 
dealt with this question by studying if the effect of ESC in the oldest cars had changed 
over time, but they found no significant difference. Page and Cuny (2006), Grömping et 
al. (2004) and Dang (2004) used the age of the vehicle as a covariate in logistic regres-
sion, while Farmer (2004) and Aga and Okada (2003) did not consider that issue in the 
model. Farmer (2004) even claims that the different vehicles used in his study are 
identical except for ESC. An alternative approach that also could be used in for example 
Lie et al. (2004, 2006) was used by Evans (1998) when he studied the safety effect from 
ABS (estimated by an odds ratio ). Evans estimated the model year effect by all other 
cars not directly included in the ABS-evaluation of model year 1991 and 1992. He 
derive a corresponding odds ratio ( ) for those vehicles and uses the ratio of the two 
odds ratios 

1R

2R

21 RRR =  as a proper estimate of the effect from ABS. Bahouth (2005) 
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used this approach to account for the effect of vehicle age when analysing the safety 
effect of ESC. Green and Woodrooffe (2006) considered the vehicle age effect by 
studying only vehicles that were at most three years old and compared these results to 
the results of the analysis of the whole data set. 

Another aspect considered in some of the studies above is whether the driver age and 
gender influence the injury outcome of an accident. Those studies that used logistic 
regression methods, Farmer (2004), Dang (2004), Page et al. (2006) and Grömping et 
al. (2004), had the possibility to take account for such factors. Green and Woodrooffe 
considered the effect of driver characteristics such as age and gender by generalised 
additive models (Hastie and Tibshirani, 1990). It has been shown in several earlier 
studies, that a person’s age and gender influence the injury risk in accidents that are 
otherwise similar. Evans (2004) used the double paired comparison method (see 
Appendix I) to study differences in the injury outcome depending on age and gender 
effects in accidents of the same type. Evans showed that from about age 16 to age 45, 
the same physical insult is approximately 25 percent more likely to kill a female than a 
male of the same age. Above the age of 45, the differences due to sex are less distinct. 
In another study by Foret-Bruno et al. (1990), it was estimated that females are about 
20–25 percent more vulnerable in a fatal accident than a male of the same age. Tapio et 
al (1995) found that the risk of serious injury or death for women was about 30 percent 
higher than for men. Differences between age and sex might also influence the 
probability to be involved in an accident. 

Grömping et al. (2004) ensured independence between different vehicles by only 
consider one vehicle per accident in the analysis. If and how this dependence was 
considered in the other studies was not evident from the articles. 

One critical point in all studies above was the assumption that drivers were using cars 
equipped with and without ESC in the same way. This is a question that could benefit 
from more attention. Several authors that statistically have evaluated the effect of ESC 
wish to see more research about if the behaviour of the driver changes when the car is 
equipped with a certain safety system. 

 
4.4 Testing 
Testing of vehicles is done on the standard model of the vehicle. In Sweden it is the 
SRA (Swedish Road Administration, Vägverket) that provides the rules for testing of 
the standard vehicle. The rules are those of EU-directives or ECE Regulations. If a 
system can be regarded as having an electrical influence it is tested against radio trans-
mission interference requirements (EMC). If a system is not part of the standard vehicle 
and only provided as optional it is not included in the testing governed by SRA. The 
only general requirement on a safety system is that the user should be informed if there 
is a malfunction of the system by for example warning lights. 

Usually the manufacturers are actively participating both in the development of the 
mechanical standardization as well as in the work developing the European directives. 
A difficult aspect of active safety systems is to outline feasible limit values for their 
functions. To protect the general public it is not liable to set the limits too low, since the 
current technology is usually already ahead of the limits in the legislation. Meanwhile a 
high number of vehicles are too old to even have ABS. A typical illustration of this is 
that the retardation limit of brakes is set to very low values today (5.8 m/s2). On the 
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other hand, there seem to be a general agreement that it is meaningless to create 
directives that are so strict that the manufacturers can barely follow them.  

Swedish Road Administration  
The Swedish Road Administration (SRA) is currently not developing any specific 
Swedish regulations for active safety systems for cars. SRA do however recommend 
buyers of new vehicles to buy vehicles equipped with anti-spin systems (SRA, 2005). 

The Swedish Motor Vehicle Inspection Company (AB Svenska Bilprovning) 
The Swedish Vehicle Inspection develops and performs tests according to laws and 
directives that are current in Sweden and EU. They act on assignment from SRA with 
the purpose to develop cost efficient routines and resources for inspection of the 
performance of the vehicles in use. Today, the only routine for inspection of active 
safety systems is to report to the owner if the ABS-warning light of the vehicle is active. 
In the future, the inspection of both emissions and safety systems may be self monitored 
by On Board Diagnostic computers/control units (OBD). In most modern cars engine 
parameters are typically controlled and logged in an OBD today.  

EuroNCAP 
The members of EuroNCAP are national governments from: France, Germany, The 
Netherlands, Sweden and United Kingdom, provincial government from: Catalonia, 
motor organisations: ADAC and FIA Foundation, consumer organisations: ICRT and 
insurers: Thatcham. 

Currently there are six laboratories responsible for testing within EuroNCAP. The six 
are ADAC and BASt in Germany, IDIADA in Spain, TNO in The Netherlands, TRL in 
the United Kingdom and UTAC in France. 

 
4.4.1 Testing of ABS  
ABS is tested as part of the test of the vehicle braking system. For passenger vehicles 
rules applied are those of the EU-directive 71/320/EEG or the ECE Regulation R13 or 
R13H.  

 
4.4.2 Testing of ESC 

Since ESC is not part of the standard vehicle tested by the government it is the vehicle 
provider that performs the test that they find necessary. 

 
4.4.3 General and specific methods in use 
Within EuroNCAP it has recently been suggested that a vehicle stability performance 
test should developed in order to validate ESC functionality. Similar work is already 
being undertaken by the NHTSA in the USA and could be developed into a joint project 
with the EuroNCAP or the European Commission. In addition, it was also suggested 
that the EuroNCAP should include a sixth star for new models that have ESC functio-
nality, provided they pass the performance test and manufacturers offer the system as a 
standard feature. The latest information (private communication with Claes Tingvall) 
indicates that the presence of an ESC system in a vehicle will somehow be taken into 
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account in their rating system in a very near future. There are however no immediate 
plans regarding testing of the systems performance.  

In the following sections the status of ESC testing in USA is described. In a large study 
conducted by the National Highway Traffic Safety Administration (NHTSA) 12 diffe-
rent ESC test manoeuvres were evaluated, and the best candidates were singled out. All 
these test manoeuvres are described in Appendix 2. Having established a suitable ESC 
performance test, NHTSA was recently able to propose a law which would require all 
light vehicles sold in USA to be equipped with an ESC system. The proposal deals with 
the fact that a proper definition of an ESC system must exist, as well as a functional 
requirement. The details of this proposal are described below, as well as the ESC 
performance test manoeuvre study. 

In USA, USNCAP has already included ESC as a basis for their rating system. 
However, so far the ESC system is only evaluated as a tool for avoiding rollover 
accidents. (None of the manoeuvres investigated by NHTSA for evaluating the antiskid 
properties of ESC equipped vehicles has been included in the rating system yet).  

For ESC as an aid in preventing rollover it is important to realise that about 95 percent 
of all rollovers are tripped - meaning the vehicle strikes a low object, such as a curb or 
shallow ditch, causing it to tip over. The Static Stability Factor of the vehicle (SSF, a 
measure describing how top-heavy a vehicle is) is specifically designed to measure this 
more common type of rollover. That measure plays a significantly larger role in a 
vehicle's star rating (for model years 2004 and later) than the results of the dynamic 
manoeuvring test. 

The dynamic manoeuvring test uses a heavily loaded vehicle, to represent a five-
occupant load, and a full tank of gas. Using a fishhook pattern, shown in Figure 6 the 
vehicle simulates a high-speed collision avoidance manoeuvre – steering sharply in 
one direction, then sharply in the other direction – within about one second. Test 
instruments on the vehicle measure if the vehicle's inside tires lift off the pavement 
during the manoeuvre ("inside" meaning the left wheels if turning left, and the right 
wheels if turning right). The vehicle is considered to have tipped up in the manoeuvre if 
both inside tires lift at least two inches off the pavement simultaneously. 

The tip-up/no tip-up results are then used with the SSF measurement as inputs in a 
statistical model that estimates the vehicle's overall risk of rollover in a single-vehicle 
crash. The overall risk of rollover for the particular vehicle will fall into one of five 
ranges of rollover risk and thus determine its star rating (1 through 5 stars). 

36 VTI rapport 580A 

http://www.safercar.gov/rollover/pages/RolloCharTypes.htm#tripped
http://www.safercar.gov/rollover/pages/FAQs.htm#ssf#ssf
http://www.safercar.gov/rollover/pages/FAQs.htm#ssf#ssf
http://www.safercar.gov/rollover/pages/FAQs.htm#dynamic#dynamic
http://www.safercar.gov/rollover/pages/FAQs.htm#dynamic#dynamic


 

 

 

Figure 6  Fishhook Manoeuvre (Picture from 
http://www.safercar.gov/rollover/pages/FAQs.htm#dynamic 2006-11-09) 

 
4.4.4 NHTSA proposal to require light vehicles to be ESC equipped 
Although no final report on NHTSA’s work regarding a testing procedure for ESC 
systems exists, a proposal has recently been made by NHTSA to require passenger cars, 
multipurpose passenger vehicles, trucks and buses that have a gross vehicle weight 
rating of 4 536 kg (10,000 pounds) or less to be equipped with an ESC system, FMVSS 
No. 126 (NHTSA, 2006a).  

To realise this requirement, it was decided that vehicles must both be equipped with an 
ESC system meeting definitional requirements and also be able to pass a dynamic 
test. The definitional requirements specify the necessary elements of a stability control 
system that would be capable of both effective over steer1 and under steer intervention. 
The test is necessary to ensure that the ESC system is robust and meets a level of 
performance at least comparable to that of current ESC systems. In contrast to the 
fishhook manoeuvre used by USNCAP, which was chosen to simulate a common type 
of accident, the dynamic test proposed in the ESC requirement is not based on a 
possible accident scenario, but on standard stability criterions on vehicles. Under- and 
oversteering are illustrated in Figure 7 NHTSA concludes that it is quite possible a 
vehicle could require both understeer and oversteer interventions during progressive 
phases of a complex avoidance manoeuvre like a double lane change. 

                                                 
1 ” Oversteering and understeering are typically cases of loss-of-control where vehicles move in a 
direction different from the driver’s intended direction. Oversteering is a situation where a vehicle turns 
more than driver’s input because the rear end of the vehicle is spinning out or sliding out. Understeering 
is a situation where a vehicle turns less than the driver’s input and departs from its intended course 
because the front wheels do not have sufficient traction.”, from FMVSS 126 (NHTSA, 2006a) 
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Understeering (“plowing out”) Oversteering (“spinning out”) 

Figure 7  ESC interventions for understeering and oversteering. From FMVSS 126 
(NHTSA, 2006a). 

NHTSA consider it extremely difficult to establish a test adequate to ensure the desired 
level of ESC functionality, without actually imposing the definitional requirement. They 
state that “without an equipment requirement, it would be almost impossible to devise a 
single performance test that could not be met through some action by the manufacturer 
other than providing an ESC system. Even a number of performance tests still might not 
achieve our intended results, because although it might necessitate installation of an 
ESC system, we expect that it would be unduly cumbersome for both the agency and 
the regulated community.” (NHTSA, 2006b) 

The definitional requirements and the dynamic test suggested in (NHTSA, 2006a) are 
described in more detail in the following section. 

 
4.4.5 ESC definition 
The proposed ESC definition is based on the Society of Automotive Engineers (SAE) 
Surface Vehicle Information report J2564 (revised June 2004), which defines ESC as a 
system that has all of the following attributes: 

(a) ESC augments vehicle directional stability by applying and adjusting the vehicle 
brakes individually to induce correcting yaw torques to the vehicle. 

(b) ESC is a computer-controlled system, which uses a close-loop algorithm to limit 
under steer and over steer of the vehicle when appropriate. [The close-loop algorithm is 
a cycle of operations followed by a computer that includes automatic adjustments based 
on the result of previous operations or other changing conditions.] 
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(c) ESC has a means to determine vehicle yaw rate and to estimate its sideslip. [Yaw 
rate means the rate of change of the vehicle’s heading angle about a vertical axis 
through the vehicle centre of gravity. Sideslip is the arctangent of the ratio of the lateral 
velocity to the longitudinal velocity of the centre of gravity.] 

(d) ESC has a means to monitor driver steering input. 

(e) ESC is operational over the full speed range of the vehicle (except below a low –
speed threshold where loss of control is unlikely). 

 

The ECS must then fulfil the functional requirements: 

(a) The ESC system must have the means to apply all four brakes individually and a 
control algorithm that utilizes this capability. 

(b) The ESC must be operational during all phases of driving including acceleration, 
coasting, and deceleration (including braking). 

(c) The ESC system must stay operational when the antilock brake system (ABS) or 
Traction Control is activated. 

 

Furthermore, the system must have over steering and under steering intervention 
capabilities. 

Note that this proposed ESC definition and functional requirements implies that 
manufacturers would need to implement an ABS-equivalent braking technology in their 
vehicles, which then in turn must comply with FMVSS No. 135 (NHTSA, 1995). 

To determine whether a system has oversteering and understeering intervention 
capabilities, a performance requirement was also proposed. The performance 
requirement is defined via a test manoeuvre, during which the tested vehicle must not 
lose lateral stability (a quantifiable definition of lateral stability is also proposed). In 
addition, the ESC equipped vehicle must also satisfy responsiveness criterion to 
preserve the ability of the vehicle to adequately respond to a driver’s steering inputs 
during ESC intervention. These criteria would ensure that an ESC achieves an optimal 
stability performance, but not at the expense of responsiveness. 

So far, only an oversteering test manoeuvre has been proposed, and NHTSA is still 
conducting research to establish an appropriate under steering intervention test. The 
proposed over steering test manoeuvre is known as the 0.7 Hz Sine with Dwell 
manoeuvre, shown in Figure 8 This test can not be conducted by a test driver since the 
handwheel inputs must follow a very precise pattern. Thus, a steering machine is used 
which delivers the proposed manoeuvre to the steering wheel. 
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Figure 8  Sine with Dwell Handwheel inputs, taken from NHTSA (2006a). The 
manoeuvre is started at a given angle of the hand wheel, which is then turned according 
to the graph. 

Steering is initiated at 80 km/h (50 mph). Two series of tests are conducted: one with 
right-to-left steering manoeuvre and the other one with left-to-right steering manoeuvre. 
Each series of tests begins with a test run with a moderate steering wheel angle. The 
initial steering wheel angle is increased from test run-to-test run in a series until a 
termination criterion is attained. 

This test manoeuvre was selected over a number of other alternatives, because it was 
regarded to have the most optimal set of characteristics, including severity of the test, 
repeatability and reproducibility of results, and the ability to address lateral stability and 
responsiveness. 

The manoeuvre is severe enough to produce spinout2 for most vehicles without ESC. 
The stability criteria for the test measure how quickly the vehicle stops turning after the 
steering wheel is returned to the straight-ahead position. A vehicle that continues to turn 
for an extended period after the driver steers straight is out of control, which is what 
ESC is designed to control. 

Lateral stability is defined as the ratio of vehicle yaw rate at a specified time and the 
peak yaw rate generated by the 0.7 Hz Sine with Dwell steering reversal. Under the 
proposed performance test, ESC would be required to meet the following two lateral 
stability criteria: 

(1) One second after completion of the steering input for the 0.7 Hz Sine with Dwell 
manoeuvre, the yaw rate of the vehicle has to be less than or equal to 35 percent of the 
peak yaw rate 

(2) 1.75 seconds after completion of the steering input, the yaw rate of the vehicle has to 
be less than or equal to 20 percent of the peak yaw rate. 

 

                                                 
2 In FMVSS 126 (NHTSA, 2006a) a spinout is defined to have occurred if a vehicles final heading angle 
is more than 90 degrees from the initial heading after a symmetric steering maneuver in which the amount 
of right and left steering is equal. 
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In addition, the proposed responsiveness criterion would be used to measure the ability 
of a vehicle to respond to the driver’s inputs during an ESC intervention. The 
proposed criterion is defined as the lateral displacement of the vehicle’s centre of 
gravity with respect to its initial straight path during the portion of the sine with dwell 
manoeuvre prior to the beginning of the steering dwell. 

The proposed criterion performance limit establishes the displacement threshold to 
ensure that the ESC intervention used to achieve acceptable lateral ability does not 
compromise the ability of the vehicle to response to the driver’s input. The proposal 
would require that an ESC-equipped vehicle would have a lateral displacement of at 
least 1.83 meters (6 feet) at 1.07 seconds after the initiation of steering. 

During the development of the responsiveness criterion, NHTSA also considered 
several other metrics, such as lateral speed and lateral acceleration, to measure the 
responsiveness of the vehicle. However, it was concluded that the lateral displacement 
and maximum displacement are the most obvious and relevant responsiveness 
measurements. 

 
4.4.6 Alternative test methods used in NHTSA’s studies 
As a basis for the proposed ESC requirement, NHTSA initially examined 12 manoeuv-
res with 12 steering combinations. (Forkenbrock et al., 2005) The tested manoeuvres 
were 

• Slowly Increasing Steer 
• NHTSA J-Turn (Dry, Wet) 
• NHTSA Fishhook (Dry, Wet) 
• Modified ISO 3888-2 (double lane change) 
• Constant Radius Turn 
• Closing Radius Turn 
• Pulse Steer (500 deg/s, 700 deg/s) 
• Sine Steer (0.5 Hz, 0.6 Hz, 0.7 Hz, 0.8 Hz) 
• Increasing Amplitude Sine Steer (0.5 Hz, 0.6 Hz, 0.7 Hz) 
• Sine with Dwell (0.5 Hz, 0.7 Hz) 
• Yaw Acceleration Steering Reversal (YASR) (500 deg/s, 720 deg/s) 
• Increasing Amplitude YASR (500 deg/s, 720 deg/s). 

 

Descriptions of these manoeuvres are given in Appendix 2. 

The objective of the study was to find a functional test that could discriminate strongly 
between vehicles with and without ESC. Hence, vehicles with ESC disabled were used 
as non-ESC vehicles in the research. A suitable manoeuvre must also be able to evaluate 
both the lateral stability of the vehicle (prevention of spinout) and its responsiveness in 
avoiding obstacles on the road, since stability can be gained at the expense of 
responsiveness. 

The research program was divided into two phases: 

Phase 1: The evaluation of many manoeuvres capable of quantifying the performance 
of ESC over steer intervention using a small sample of diverse test vehicles. 

Phase 2: Evaluation of many vehicles using a reduced suite of candidate manoeuvres. 
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Phase 1 testing occurred during the period of April through October 2004. In this effort, 
the twelve manoeuvres were evaluated using five test vehicles. Manoeuvres utilized 
both automated and driver-based steering inputs. If driver-based steering was 
required, multiple drivers were used to assess input variability. To quantify the effects 
of ESC, each vehicle was evaluated with ESC enabled and disabled. Dry and wet 
surfaces were utilized; however, the wet surfaces introduced an undesirable 
combination of test variability and sensor malfunctions. To determine whether a 
particular test manoeuvre was capable of providing a good assessment of ESC 
performance, NHTSA considered the extent to which it possessed three attributes: 

1. A high level of severity that would exercise the over steer intervention of every 
vehicle’s ESC system. 

2. A high level of repeatability and reproducibility. 
3. The ability to assess both lateral stability and responsiveness. 

 

From these tests the four manoeuvres that were considered most promising were 
chosen, and further evaluated in phase 2. The chosen manoeuvres were  

• Sine with Dwell 
• Increasing Amplitude Sine Steer 
• Yaw Acceleration Steering Reversal (YASR) 
• YASR with Pause. 

 

The two yaw acceleration steering reversal manoeuvres were designed to overcome the 
possibility that fixed-frequency steering manoeuvres (e.g. the Sine with Dwell) would 
discriminate on the basis of vehicle properties other than ESC performance, such as 
wheelbase length. They were more complex than the other manoeuvres, requiring the 
automated steering machines to trigger on yaw acceleration peaks. However, Phase 2 
research did not reveal any signs of such discrimination (no effects of yaw natural 
frequency. were seen). Therefore, the YASR manoeuvres were dropped from further 
consideration because their increased complexity was not warranted in light of equally 
effective but simpler alternatives, 

The two remaining manoeuvres are presented in more detail below: 

Sine with Dwell 
As shown in Figure 9 the Sine with Dwell manoeuvre is based on a single cycle of 
sinusoidal steering input. Although the peak magnitudes of the first and second half 
cycles were identical, the Sine with Dwell manoeuvre included a 500 ms pause after 
completion of the third quarter-cycle of the sinusoid. In Phase 1, frequencies of 0.5 and 
0.7 Hz were used. In Phase 2, only 0.7 Hz Sine with Dwell manoeuvres were 
performed. 

As described in NHTSA’s report (Forkenbrock et al., 2005) the 0.7 Hz frequency was 
found to be consistently more severe than its 0.5 Hz counterpart (in the context of this 
research, severity was quantified by the amount of steering wheel angle required to 
produce a spinout). In Phase 1, the 0.7 Hz Sine with Dwell was able to produce spinouts 
with lower steering wheel angles for four of the five vehicles evaluated, albeit by a 
small margin (no more than 20 degrees of steering wheel angle for any vehicle). 
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In a presentation given to NHTSA on December 3, 2004 by the Alliance of Automobile 
Manufacturers it was also reported that the 0.5 Hz Sine with Dwell did not correlate as 
well with the responsiveness versus controllability ratings made by its professional test 
drivers in a subjective evaluation. 

Increasing Amplitude Sine 
The Increasing Amplitude Sine manoeuvre, shown in Figure 9, was also based on a 
single cycle of sinusoidal steering input. However, the amplitude of the second half 
cycle was 1.3 times greater than the first half-cycle for this manoeuvre. In Phase 1, 
frequencies of 0.5, 0.6, and 0.7 Hz were used for the first half cycle; the duration of the 
second half cycle was 1.3 times that of the first. 

 

 

Figure 9  Increasing Amplitude Sine handwheel inputs. (NHTSA, 2006b). 

NHTSA reports that phase 1 vehicles were generally indifferent to the frequency 
associated with the Increasing Amplitude Sine manoeuvre. Given the desire to reduce 
the test matrix down from three manoeuvres based on three frequencies to one, NHTSA 
selected just the 0.7 Hz frequency Increasing Amplitude Sine for use in Phase 2 

To select the best overall manoeuvre from those used in Phase 2, NHTSA considered 
three attributes (where the first two are identical to the ones previously considered): 

• manoeuvre severity (the higher, the better) 
• performability 
• face validity (should resemble an emergency obstacle avoidance manoeuvre). 

 

Of the two sinusoidal manoeuvres used in Phase 2, it was determined that the Sine with 
Dwell was the best candidate for evaluating the lateral stability component of ESC 
effectiveness because of its relatively greater severity. Specifically, it required a smaller 
steering angle to produce spinouts (for test vehicles with ESC disabled). Also, the 
Increasing Amplitude Sine manoeuvre produced the lowest yaw rate peak magnitudes in 
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proportion to the amount of steering, implying the manoeuvre was the least severe for 
most vehicles evaluated by NHTSA in Phase 2. 

The performability of the Sine with Dwell and Increasing Amplitude Sine was 
excellent. The manoeuvres are very easy to program into the steering machine, and their 
lack of rate or acceleration feedback loops simplifies the instrumentation required to 
perform the tests. As mentioned previously, Phase 2 testing revealed that the extra 
complexity of YASR manoeuvres was unnecessary because the tests were not affected 
by yaw natural frequency differences between vehicles.  

All Phase 2 manoeuvres (including the YASR manoeuvres) possess an inherently high 
face validity because they are each comprised of steering inputs similar to those capable 
of being produced by a human driver in an emergency obstacle avoidance manoeuvre. 
However, the Increasing Amplitude Sine manoeuvre may possess the best face validity. 
Conceptually, the steering profile of this manoeuvre is the most similar to that expected 
to be used by real drivers, and even with steering wheel angles as large as 300 degrees, 
the manoeuvre’s maximum effective steering rate is a very reasonable 650 deg/sec. 

Based on the above findings, NHTSA proposed to use the Sine with Dwell manoeuvre 
to evaluate the performance of light vehicle ESC systems in preventing spinout (over 
steer loss of control). They believe that it offers excellent face validity and perform-
ability, and its greater severity makes it a more rigorous test while maintaining steering 
rates within the capabilities of human drivers. 

The yaw rate response during a typical Sine with Dwell manoeuvre with and without 
ESC is shown in Figure 10 and Figure 11 where a robotic steering machine went 
through three runs out the manoeuvre at increasing steering wheel amplitudes (SWA). 
From Figure 10 it is clear that the tested vehicle loses control and enters a spinout (with 
high sustained yaw movement) when a steering wheel amplitude of 169 degrees is used. 
Figure 11 shows that ESC enabled, the vehicle can handle the manoeuvre with a 
steering wheel amplitude as high as 279 degrees without losing control.  

 

Understeering tests 
NHTSA started testing manoeuvres for a suitable under steering test in April 2006. 
Anticipated manoeuvres are (Forkenbrock, 2006) 

• J-turn 
• Closing radius turn 
• Slowly increasing turn. 

 

No further information regarding this study has been published. 
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Figure 10  Sine with Dwell Manoeuvre Test of a Vehicle without ESC (NHTSA, 2006b). 

 

Figure 11  Sine with Dwell Manoeuvre Test of a Vehicle with ESC (NHTSA, 2006b). 
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The progressing work within NHTSA to develop manoeuvring test for evaluating the 
antiskid properties of ESC equipped vehicles can be found on the web: 

• http://www-nrd.nhtsa.dot.gov/vrtc/ca/esc.htm (ESC)  

• http://www-nrd.nhtsa.dot.gov/vrtc/ca/rollover.htm (RSC). 

There exist also on-line information about proposed and final regulations, copies of 
public comments, and related information on the following web site: 

• http://dms.dot.gov/search/searchResultsSimple.cfm. 

The search code 19,951 needs to be entered. 

 
4.5 Driver behaviour 
Although ABS and ESC are technical systems that are designed to support the driver, 
their effectiveness can be hampered if the driver is unable to handle them correctly. 
Therefore, the driver behaviour is a important issue when it comes to implementation of 
active safety systems. 

According to Vogel (2002) driver behaviour is defined as what the driver does to 
control the road user unit (i.e. the vehicle and driver). Examples for driver behaviour 
are: depression of the gas and brake pedal and clutch, moving the steering wheel, 
operating the indicators etc.  

Vogel also categorize factors that influence the road user behaviour into three groups: 

• Environment 
road design, weather, illumination, road conditions and obstacles  
 

• Formation 
vehicle speed, headway, traffic flow, time-to-collision 
 

• Personal factors 
demographic data, physiological data, vehicle characteristics. 
 

By adopting this view the driver behaviour can be studied via a number of measurable 
parameters. These parameters must in some degree represent how the vehicle actually 
moves along the road as well as how the driver responds to the occurring situations. 

 
4.5.1 Methods and measures associated with Driver Behaviour  
In previous and ongoing European research projects extensive work has been focused 
on developing and testing methods for evaluation of effects of different support systems 
in cars, i.e. IVIS and ADAS. Several projects aim/aimed at developing a method for 
assessing the effect of ADAS in terms of safety. Such methods have in the majority of 
initiatives included a population of average or cohorts of drivers using the ADAS in a 
vehicle, either in a simulator or in an instrumented vehicle. The scope of these methods 
has not been only to verify that the ADAS offer the intended support, but also identify 
unexpected driver behaviour while using the ADAS, such as increased risk taking 
behaviour and distraction. Examples of typical driver support systems that have been 
tested are: lane departure warnings and adaptive cruise controls. 
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International cooperation projects that involved methods to study driver behaviour are 
among others: 

• ADVISORS (Action for advanced Driver assistance and Vehicle control systems 
Implementation, Standardisation, Optimum use of the Road network and Safety) 
http://www.advisors.iao.fraunhofer.de/ 

• Response, Vehicle Automation Driver Responsibility – Provider Liability Legal 
and Institutional Consequences (Becker et al., 2001) 

• AIDE (Adaptive Integrated Driver-vehicle Interface) http://www.aide-eu.org/ 
• CAMP (Crash Avoidance Metrics Partnership) http://www-

nrd.nhtsa.dot.gov/pdf/nrd-12/CAMPS.pdf 
• HASTE (Human Machine Interface And the Safety of Traffic in Europe) 

http://www.its.leeds.ac.uk/projects/haste/index.htm 
• RoadSense (Road Awareness for Driving via a Strategy that Evaluates 

Numerous SystEms) http://www.cranfield.ac.uk/soe/hf/project_roadsense.htm 
• Also the Network of Excellence HUMANIST (HUMAN centred design for 

Information Society Technologies) can provide valuable input to this work, 
http://www.noehumanist.net/project.htm. 

 

Usually the methods have focused on the effect of driver support systems and changes 
in the environment. Measures are related to general driving behaviour, as well as 
indirect measures of distraction and mental workload. A list of methods and measures 
of driving performance and driver reactions are listed below. 

 

Performance of the driving task 

- Reaction time (situation awareness, secondary task) 

- Tracking of the road (lateral position, steering wheel angle) 

- Speed and headway (throttle, brake, distance). 

 

Physiological driver reactions (indirect workload/stress) 

- Heart rate/variability 

- Galvanic skin response 

- Eye movement. 

 

Naturally, the use of IVIS cannot be directly compared to the use of active safety 
systems like ABS and ESC. However, the developed methods and obtained results still 
provide valuable knowledge and indications which scenarios and driving performance 
indicators that are feasible to use for driver behaviour assessment, both in simulators 
and field experiments. In some cases, these methods have been compared to qualitative 
methods such as expert ratings of ADAS/IVIS and usability/acceptance questionnaires. 
Often, the combination of methods has proved to be advantageous. 
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4.5.2 Issues  
From the driver behaviour point of view, the evaluation of active safety systems needs 
to be done by studying following issues:  

o Use and misuse of safety systems by drivers 

 Human errors 

 Violations 

o Drivers’ knowledge of safety systems 

 Theoretical knowledge 

 Practical knowledge (training, experience)  

o Effect of the systems on driver behaviour –specific case ‘Adaptation 
problematic’. 

 
4.5.3 Use and misuse of safety systems by drivers 
There are many models of driver behaviour in the literature. The models handle a vast 
area of human capacity, reaching from limitations of the driver (due to limitations of the 
human mind; Shinar, 1993) to models on driver motivation (i.e., subjective vs. objective 
risk levels; Klebelsberg, 1977). Not all of these models serve to enhance the under-
standing of the driver’s interaction with safety systems and handling of critical traffic 
situations. In order to understand “Use and misuse of safety systems by drivers”, the 
concept of “Situation awareness”, “Violation” and a model on human error will be 
explained. Situation awareness is a concept used in a range of domains to describe an 
operator’s ability to handle a given situation; violation and human error are two ways of 
explaining human interaction with a system. 

Situation awareness 
A fundamental aspect of driving or handling any kind of complex system is situation 
awareness, SA. SA refers not only to (in this case) the drivers knowledge on how the 
car works and skills for driving the car, but also to the drivers’ knowledge and 
understanding of the traffic situation he is in (Endsley, 1993). Being aware of the 
existence and functionality of safety systems in the car is a crucial part of SA and a 
prerequisite for ultimate handling of traffic situations. 

Human error  
In complex systems there are often different sources of errors. In a car, the car and/or its 
systems can fail technically but the driver can also fail in relation to the car/systems. 
Adopting to reasoning by Reason (1990), human errors are classified according to the 
driver intention in three levels. The definition of the type of errors made originates from 
what level of ability the driver has achieved. According to level of ability, the driver is 
able to behave and react in different ways. Three levels has been identified, namely; 
knowledge-based, rule-based and skill-based behaviour. Knowledge-based behaviour is 
the first level of a novice handling a system. The system handling is slow and conscious 
and new problems are solved when they arise. In the second level, the rule-based, the 
driver has an experienced pattern, prepared rules and solutions for problems that occur. 
In the skill-based level the driver knows the system and is able to supervise automated, 
routine tasks. 
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Violations 
In contrast to Human error, violations are defined according to a norm system which is 
driver independent. A system is “violated” if it is used in a different way than it was 
originally intended and designed for. In many cases a system will be violated due to 
driver lack of knowledge or habit. The driver uses the system in the way that s/he finds 
suitable, even though the developer of the system might not agree. An Antilock Braking 
System (ABS) is intended to be helpful in situations were there is a need for short 
braking distance. At the same time the system could be used to drive with smaller 
margins (i.e., higher speed, Mazzae et al., 2001) than the driver would have found 
suitable if s/he did not have a car with ABS installed. In this case, system is violated 
since it was used in a way it was not intended. The driver relies on the system to shorten 
the braking distance, hence driving closer to other vehicles than s/he would have if s/he 
had not had the system or not being aware of having the system (this behaviour change 
is also called behavioural adaptation, see 4.4.4). In the extreme, the presence of a safety 
system could in itself be a safety risk. 

Misuse can be seen as a corresponding aspect of violation. Misuse is related to the 
drivers’ knowledge about active safety systems (Harless and Hoffer, 2002). One cause 
of misuse is that the driver does not understand the real effect of the systems and at the 
same time that the systems are not enough transparent to be understood. A study 
performed on collision avoidance system (Jagtman, Marchau et al., 2001) where it was 
possible to adjust the level of warning found that the systems understanding by the 
drivers was decisive and that the Human Machine Interface (HMI) issues greatly 
influences the driver’s behaviour (references cited by Jagtman). 

 
4.5.4 Drivers’ knowledge of safety systems 

Theoretical knowledge 
Some studies have examined, through survey, the role of knowledge concerning active 
safety systems on driver behaviour. Some authors believe that safety systems won’t 
achieve full scale effect until driver knowledge levels will increase (Broughton and 
Baughan, 2002; Seymour, 2003). A survey performed on ABS use and knowledge 
among car owners in Great Britain showed that many drivers had little or no knowledge 
of ABS (Broughton and Baughan, 2002). This could be interpreted as drivers with good 
knowledge are benefiting from technology whereas those with less or no knowledge 
may misuse the system. Results from this study are considered quite weak since they 
only had 26 percent rate of answers. Through the “e-safety initiative”, a survey among 
the 25 European countries has been performed where people were asked their attitude 
towards electronic active safety systems. This type of survey called “eurobarometer” is 
a survey done among European countries to compare attitudes between countries. ABS 
and airbags are considered as most indispensable to all cars and people were aware 
about the anti-blocking effect of the wheels and that it is still possible to steer the car 
(with the exception of the United Kingdom). However some people think that it 
shortens the braking distance. According to the European Commission (2006) the 
knowledge about ESC is on its way to be as good as for ABS since this system is well 
spread. The level of understanding of how it works is quite low. One reason is attributed 
to the fact that ESC has several different names which confuse people (European 
Commission, 2006). 
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Practical knowledge (training, experience) 
A survey study by Seymour (2003) concluded that effects of active safety systems are 
still limited because drivers have too little knowledge concerning how the systems work 
and how to use them. This issue is of great importance to get a full safety effect. Large 
differences were observed among different drivers population, about the degree of 
knowledge concerning different safety systems (Seymour, 2003). Seymour compared 
vehicle safety knowledge between younger and older drivers. Older drivers had less 
knowledge about vehicle safety systems; they were also less willing to have driver’s 
airbag or ABS brakes into their vehicle. When purchasing a car, safety issues were 
named by only 11 percent of participants, which is ranked 7 out of 10.  

 
4.5.5 Effect of the systems on driver behaviour – specific case ‘Adaptation 

problematic’ 
Through the literature different methods could be identified to study the effect of active 
safety systems on driver behaviour. In statistical analysis of crash data it is not in 
general possible to make the distinction between driver behaviour and the effect of the 
studied system. 

Several studies examined the effect of active safety systems on driver behaviour and 
behavioural adaptation. Mazzae et al. (2001) examined the existence of driver behaviour 
adaptation resulting from ABS. They recorded speed and licence plate data from 
vehicles driving on Ohio roads. The licence plate number identified which safety 
systems the vehicle was equipped with. Overall data did not support the existence of a 
driver adaptation from the use of ABS brakes. More specifically, ABS had no 
significant effect on speed under all conditions, however a trend was observed of higher 
speed for vehicle equipped with ABS. A significant effect from newer cars and dry 
roads was observed: they had a higher speed.  

Another study done in real traffic studied the relation between driving behaviour and 
presence of airbags and ABS brakes (Sagberg, Fosser et al., 1997). A total of 213 taxis 
with or without ABS were recorded using video between Oslo down town and the 
airport. The video covered a straight road section of 400 m. The authors measured 
following parameters: speed, headway, lateral position and a questionnaire was filled in 
when the taxi driver arrived at the airport. Results showed that taxis equipped with ABS 
had significantly shorter time headways than without ABS taxis, 2.2 sec. versus 2.8 sec. 
recorded on 197 cars out of 213 (selected headways <180 m). Significantly fewer taxi 
drivers equipped with ABS used seat-belt compared to without 3.2 percent versus 
7 percent. Other variables measured did not give significant results. The authors 
concluded that their results argue for behavioural adaptation to safety equipment such as 
ABS brakes. The results presented indicates trend however to generate general 
knowledge additional research is needed in order to fully establish existence of driver 
adaptation. A similar study was performed in real traffic on taxi drivers in order to 
examine the effect of ABS (Aschenbrenner and Biehl, 1994). Data were collected on 
taxi drivers equipped with or without ABS. Accelerations and decelerations were 
measured on each car. Observers were present inside the car to make some observa-
tions. Interviews and accidents data frequency were also performed. The results on 
acceleration and deceleration did not show any differences between cars. Only extreme 
values, which are not specified in the article, showed that ABS cars braked more 
strongly and cars without ABS accelerated more strongly, however this result was 
interpreted as a technical effect not a change in the behaviour. Significant speed 
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differences were observed at one point out of four measured. At one point the speed was 
80.9 km/h for ABS and 77.1 km/h, but the speed limit was 60 km/h. Observers who 
accompanied taxi drivers identified five differences indicating a more risky attitude of 
ABS drivers: more cornering, hold the lane poorly, less anticipation, less adaptation 
when entering the right lane and cause more risky situations. Those data were 
completed by interviews performed with 70 drivers. 66 percent believed that the driving 
style with ABS was more risky than without and 10 percent drove in consequence with 
shorter headways and higher speed in curves. Overall results are interpreted by the 
authors as risk compensation even if no safety gain could be proved. Results of this 
study is a step towards the existence for risk compensation (accident analysis data from 
1981 to 1983 and other data from 1985 to 1986 + observers judgements might be 
influenced if they knew which vehicle they were driving in which is not said in the 
article + taxi drivers drove both ABS and no ABS cars which makes the interpretation 
of their results difficult). However, more research is needed to establish the existence of 
risk compensation.  

An overall method is presented in a Japanese study (Furukawa et al., 2004). The authors 
proposed an “Integrated Virtual Traffic Environment” as an overall methodology to 
evaluate advanced drivers safety systems. The methodology proposed was composed of 
traffic simulations, integrated driver models, simulator and probe cars. This paper is, 
however, a theoretical paper where no data are presented.  

 
4.5.6 Identified gaps 

In research 
Different methods such as survey or field study have been used to identify the effect of 
ABS and ESC on driver behaviour. There are however many factors, e.g. short/long 
term effects, learning, to take into account in order to understand effects of safety 
systems. Data are missing to show the existence if driver adaptation or risk adaptation 
when using systems such as ABS. 

In knowledge 
From the literature review it is clear that most drivers have little knowledge of the 
function of active safety systems like ABS and ESC as well as how they shall be 
handled. This lack of correct knowledge could influence the driver behaviour, and thus 
limit the positive effects on traffic safety. For safety systems to work efficiently and 
properly it is crucial that the driver has good knowledge of the systems in the car s/he 
drives. This extends beyond the basic knowledge of what systems the car is equipped 
with and how they work as far as to experience based knowledge about system 
functionality. It is for example important for the driver to be aware of what happens 
when he or she pushes the brakes of a car equipped with ABS. Though the system itself 
is not driver initiated in that it kicks in when the system is programmed to take over, the 
system is still dependent on the driver to keep pushing the brake even after the system is 
enabled. If the driver gets anxious about the brakes behaving strange and sounding 
unfamiliar when the ABS kicks in and lets go of the brake – the system is disabled. 
Systems that could be of support could be misused or misunderstood; hence no safety 
enhancement is achieved. This might be addressed by formalizing information on safety 
systems as well as including tests of safety systems in driving school. 
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5 Future studies 
Future studies are suggested based on the findings in this literature review in the area of 
statistical methods, physical testing and human factors. For methods used for evaluate 
the effect of traffic safety it is of high importance that the methods encourage future 
development and improvements. Therefore evaluation methods should focus on the 
overall performance such as for example preventing side ways tilting of the vehicle and 
not how this is done technically for example by braking or control of steering angle. 

In the area of statistical methods it is suggested that different statistical methods should 
be applied on the same data set in order to quantify the differences between the different 
methods when used to evaluate traffic safety effects of active safety systems. 

An important aspect, not considered in the articles found in this review, is the question 
about causality. The methods described above only describe a significant association 
between ESC/ABS and the number of accidents, this does not necessarily means a 
causal relationship. New methods are developed, see for example Pearl (2000), and it is 
possible that these causality methods can bring further knowledge and more precise 
results about the effect of new safety devices in the future.  

Furthermore, it is of high important to have access to vehicle data that shows what 
safety features that specific vehicles are equipped with in order to compare the number 
of accidents for cars equipped with different safety systems. In Sweden, information 
about safety devices might be included in the vehicle register. 

In the area of physical testing it is suggested the possible test methods for ESC perfor-
mance described in this review are evaluated using a different approach compared to 
NHTSA’s. Fundamental questions that need to answered are: 

• What kind of crashes can be avoided by ESC? Which of the described test 
manoeuvres are most suitable for simulation of these crashes? 

• At what type of road conditions do most crashes occur that can be avoided with 
ESC? 

• How does ESC function with different driver styles? 
• How important is the choice of tyres for the performance of an ESC system? 

Can the performance of an ESC system on slippery winter roads be estimated 
using test manoeuvres on dry asphalt with the vehicle equipped with summer 
tyres?  

 

In the area of human factors it is of great importance that the assessment of ESC does 
not only focus on the negative effects of incorrect handling of the systems but the 
positive effects for the driver, other road users and for the society as a whole.  

Previously developed methods provide important input to designing a very specific and 
condensed method for assessing ESCs safety impact terms of driver behaviour. Based 
on these methods, it should be possible to choose driving scenarios, population, proce-
dure, participant instructions (important!), driver behaviour metrics and interpretation 
guidelines for an ESC assessment method in simulator/field experiments. 

Sferco et al. (2001) proposed a three steps approach to study effect of active safety 
systems: 1- identify in which situation ESC could help ‘opportunity’, 2- test the 
effectiveness of the system ‘capacity’, 3- study the effect on driver behaviour. There is, 
thus, a need to distinguish different manoeuvres or situations as well as to certify the 
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driver’s level of knowledge and handling skill to be able to evaluate all the possible 
driver influences.  

One suggested approach for assessment of traffic safety effect is to develop a checklist 
for expert judgement of the features of the ESC. This expert judgement must also be 
completed by user testing in controlled or simulated situations that resembles critical 
scenarios. 
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Statistical analysis of accident data 
 
Many of the statistical methods used to evaluate the effect of different safety systems 
such as ABS and ESC are based on different odds ratios. A major challenge in all 
studies is the fact that there is no information in the accident databases about accidents 
that were avoided due to the new safety system (here ESC and ABS). Therefore, the 
possible methods to use must allow that conclusions are based on only accident data 
eventually combined with population databases. 

Though similarities among the methods they are not exactly the same and they all have 
certain advantages and disadvantages. Different methods that can be used to analyse the 
effect of a certain safety device based on data from real life accidents are described 
below.  

 

Double pair comparison method: 
The double pair comparison method was developed by Evans and described in Evans 
(1986, 1988a, 1988b, 2004). The method enables us to make inferences about a certain 
type of accidents without information about the external exposure measure. To describe 
the method, we use the original example by Evans (1986), where the fatality risk of a 
belted driver is compared to the fatality risk of an unbelted driver.  

The method used two classes of occupants: subject occupants and control occupants. 
The fatality risk was compared in two sets of crashes, referred to as the first and the 
second comparison. The subject occupant was the driver and the control occupant was a 
right front passenger travelling with the driver. In the first comparison the driver was 
belted and the passenger unbelted whiles in the second comparison both the driver and 
passenger were unbelted. It is important to emphasize that the conditions for the control 
occupant were the same in both comparisons. 

Evans used the following notation: 

a = number of crashes where a belted driver was killed but unbelted passenger survived. 

b = number of crashes where a belted driver survived but unbelted passenger was killed. 

c = number of crashes where both belted driver and unbelted passenger was killed. 

a + c = total number of belted drivers killed 

b + c = total number of unbelted passengers (travelling with belted drivers) killed 

This can be illustrated in Table 1 below. 

Table 1  Data to be used in the first comparison in the double pair comparison method. 

Unbelted passenger 

Fatal Non-fatal 

Fatal c a Belted driver 

Non-fatal b X 
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j = number of crashes where unbelted driver was killed but unbelted passenger survived. 

k = number of crashes where unbelted driver survived but unbelted passenger was 
killed. 

l = number of crashes where both unbelted driver and passenger were killed. 

j + l = total number of unbelted drivers killed 

k + l = total number of unbelted passengers (travelling with unbelted drivers) killed. 

This is illustrated in the same way as when the driver was unbelted, see Table 2: 

Table 2  Data to be used in the second comparison in the double pair comparison 
method. 

Unbelted passenger 

Fatal Non-fatal 

Fatal l j Unbelted driver 

X Non-fatal k 

 

In the first comparison the belted driver to unbelted passenger fatality ratio r1 was 
calculated: 

e
d

cb
car =

+
+

=1   (1) 

and in the second comparison the unbelted driver to unbelted passenger ratio r2: 

n
m

lk
ljr =

+
+

=2   (2) 

Since the driver and passenger may be subject to different forces, the interpretation of 
these ratios might not be precise. Compared to a traditional case-control approach, we 
can see that the numerator and denominator in (1) respectively (2) are dependent due to 
that c and l occur in both. 

The purpose of the calculations was to compare the risk for a fatal accident for a belted 
driver compared to an unbelted and this risk was given by 

2

1

r
rR =    (3) 

It is worth to notice that asymmetry effects that can be present in (1) and (2) is cancelled 
in (3) since the asymmetries operate in opposite directions in (1) and (2).   

The same calculations as above can be made for different sets of control occupants, say 
belted passengers, passengers in different age categories etc. Each calculation provides 
an independent estimate, Ri of the fatality risk of a belted driver compared to an 
unbelted driver. The double pair comparison method enables us to combine these 
estimates into a weighted overall average value R  and calculate the associated error for 
this estimate.  
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Rather than calculating a usual arithmetic average (R1+R2)/2, Evans (1986) used a more 
appropriate measure. Let 

z= log(R) 

and study the weighted average z . The estimate of R is then obtained as ).exp(zR =   

Evans (1986) discuss that the error is thought to consist of two different errors: one 
error intrinsic to the method μσ  and one error due to random fluctuations in the fatal 

accidents, zσ . The total standard error σ consists of those two parts: . 

Based on previous experience, a judgement estimate of  is motivated in Evans 
(1986). Under several assumptions and first order approximations Evans showed that 

222
zσσσ μ +=

1.0=μσ

emdnZ
11112 +++=σ    (4) 

As mentioned earlier, the components d (= a+c) and e (= b+c) are dependent as well as 
m (= j+l) and n (= k+l). This estimate might therefore be given more consideration to 
obtain a more accurate estimate. This dependence leads to that zσ  was underestimated, 
this is however not further investigated in Evans (1986), but treated in an article by 
Cummings et al. (2003), where an alternative variance estimator is suggested.  

If we have a number of different estimates of R ( Ri, i  = 1, 2,…) each with standard 
error iσ , i = 1, 2, …, then the error in the estimate of R  can be approximated by: 

RR σ=Δ  

where ∑=
i i

22

11
σσ

. 

 

The method described above is mainly based on the following key assumptions: 
1. For crashes with identical severity, the probability that the passenger is killed 

does not depend on whether the driver is belted or not. 
2. The populations of belted and unbelted drivers do not differ in ability to survive 

identical crashes when all other factors are the same. 
3. The distribution of crash type (or direction) is the same for crashes of the same 

severity in both the first and second comparison. 
 

Case-control approach 
In a case control approach vehicles involved in accidents of interest (Cases) are 
compared to other vehicles (Controls). The following description is from Grömping et 
al. (2004). We let the population be all vehicles in use and use the following notation: 

•  A = all accidents. 

•  = loss of stability accidents (i.e. all accidents influenced by ESC) (Cases). D

• D  = other accidents (Controls). 

• E = the vehicle was equipped with ESC. 

• E  = the vehicle was not equipped with ESC. 
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In Table 3 the probabilities used to express the odds ratios are described. 

Table 3  Description of the probabilities in a case-control approach used in Grömping 
et al. (2004). 

 D  D  

E  ),|( xEDP  ),|( xEDP  

E  ),|( xEDP  ),|( xEDP  

 

The odds that a vehicle is involved in an accident conditional that the vehicle was 
equipped with ESC is 

),|(1
),|(|
xEDP

xEDPEoddsD −
=    (5) 

and the odds given that the vehicle not was ESC-equipped is: 

),|(1
),|(|
xEDP

xEDPEoddsD −
= .  (6) 

The odds ratio-ratio describes the factor, by which the odds of having an accident of 
interest with an “unexposed vehicle” is multiplied to find the odds for an “exposed” 
vehicle: 

),|(1
),|(

),|(1
),|(

|
|

xEDP
xEDP

xEDP
xEDP

Eodds
EoddsOR

D

D
D

−

−==   (7) 

If the odd-ratio equals 1, then ESC has no influence on the odds of having an accident 
of interest. 

The major advantage with the case control approach is that only the accident register 
data is needed to estimate the odds ratio. Logistic regression methods can be applied to 
adjust for different confounding factors. Disadvantages are that no absolute reduction in 
risk can be estimated and that there is a high bias risk due to selection of controls and 
selection of confounders. 

 

Split register approach 
Compared to the case-control approach, the split register approach described in 
Grömping et al. (2004) makes an additional assumption, namely that accidents not 
sensitive to ESC not depends on whether the car was equipped with ESC or not: 

)|(),|(),|( xDPxEDPxEDP == .  (8) 
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This assumption leads to that the odds-ratio from the accident database equals the 
relative risk of accidents of interest for vehicles with compared to vehicles without 
ESC. The relative risk is given by: 

),|(
),|(

xEDP
xEDPRRD = .   (9) 

All information in the accident database is conditional that an accident has happened, 
therefore the probabilities  and ),|( xEDP ),|( xEDP  cannot be estimated directly but 
instead  and ),,|( AxEDP ),,|( AxEDP  are estimated. By studying the following 
conditional odds ratio 

),,|(1
),,|(

),,|(1
),,|(

|

AxEDP
AxEDP

AxEDP
AxEDP

AORD

−

−=   (10) 

Grömping et al. (2004) shows that the relative risk (9) equals the conditional odds ratio, 
for more details see Appendix A in Grömping et al. (2004). This is a useful result since 

 can be interpret as the proportion of accidents (D) that could be avoided if all 
cars not equipped with ESC were equipped with ESC. 

DRR−1

As a further step Grömping et al. also shows that the avoidable proportion of all 
accidents is: 

)1)(,,|(1 , DxA RRAxEDPRR −=− . 

Similar to the case-control approach, the method is simple and fast to apply if data are 
available. An additional advantage with the so called split register approach is that 
relative risk and population risk can be estimated.  

Disadvantages are uncertainty whether the key assumption (8) is valid and bias due to 
confounders. 

Logistic regression 
Logistic regression is a method for modelling probabilities of a certain event depending 
on other variables, so called covariates, see for example Dobson (1990). 

Define the binary random variable Z as: 

⎩
⎨
⎧

=
failure a is outcome  theif 0

success a isoutput   theif 1
Z    

with π== )1(ZP  and π−== 1)0(ZP . Assume n independent such variables Z1, Z2, …, 

Zn with iiZP π== )1( . The general logistic model is formulated as: 

β
π

π
π T

i
i

i
i x=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

=
1

loglogit ,  (11) 

where ix a vector of covariates and/or dummy variables and β is is the parameter vector. 

VTI rapport 580A  



Appendix 1 

Page 6 (6) 

 
As we can see below, the coefficients have an interpretation as the logarithm of odds 
ratios.  

Suppose that the only variable included in the model is a dummy variable describing 
whether the car is ESC equipped or not, i.e.: 

⎩
⎨
⎧

=
ESP without is  vehicle theif 0

ESP with equipped is  vehicle theif 1
ESPI . 

The logarithm of the odds described in the logistic regression model is: 

ESP
ESP

ESP I101log ββπ
π +=⎟

⎠
⎞⎜

⎝
⎛

− . 

If we compare the odds for vehicles with and without ESC we can see that  

)exp(
)exp(

)exp(
1

0

10 β
β
ββ

=
+

==
nonESP

ESP

odds
odds

OR  meaning that 1)log( β=OR . 
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ESC test manoeuvres 
In this appendix the ESC test manoeuvres mentioned in Section 4.3 are described in 
more detailed.  

 

Slowly increasing steer 

 

 
Figure A2.1  Slowly increasing steer (Forkenbrock & Garrot, 2005). 

 

The handwheel is steering angle is controlled according to the figure. Characteristics of 
this maneuver which is performed at 50 mph, are 

• Low severity 
• Used for characterization only 
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Yaw acceleration steering reversal (YASR) 
 

 
Figure A2.2  Yaw acceleration steering reversal (YASR) (Forkenbrock, 2004). 

 
• This Maneuver adapts to the vehicle being evaluated rather than relying on one 

frequency. 
• Both steering reversals are initiated at peak yaw rate. 
• The severity is increased with SWA. 

 

A variation of this manoeuvre is using a variable amplitude, shown in Fig. A2.3. 
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Figure A2.3  Yaw acceleration steering reversal with increasing amplitude 
(Forkenbrock, 2004). 
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Yaw acceleration steering reversal with pause 
 

 
Figure A2.4  Yaw acceleration steering reversal with pause (Forkenbrock, 2004). 

 
• This Manoeuvre adapts to the vehicle being evaluated rather than relying on one 

frequency. 
• 1st steering reversal initiated at peak yaw rate, 2nd reversal at peak yaw rate + 

250 ms. 
• The Increased dwell after second yaw rate peak gives the vehicle more time to 

respond to the second peak SWA. 
• The severity is increased with SWA. 
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Closing Radius Turn (Exit Ramp) 

 
 

Figure A2.5  Closing radius turn (Forkenbrock, 2004). 

 
• Simulates a real-world scenario 
• Intended to evaluate under steer mitigation strategies 
• Three SWA magnitudes were used 

1. 1.5*SWA at 90 percent Peak lateral acceleration  
2. 2.0*SWA at 90 percent Peak lateral acceleration  
3. 360 degrees 

• The second phase uses a partial sine, and four frequencies were tested 
1. 0.075 Hz 
2. 0.1 Hz 
3. 0.2 Hz 
4. 0.3 Hz 
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The IS ISO 3888-2 double lane change, and the modified IS ISO 3888-2 
The examination of this manoeuvre test are presented in (Forkenbrock & Elsasser, 
2005). 

 
Figure A2.6  ISO 3888-2 course layout. 
 

The ISO 3888-2 double lane change was modified in NHTSA’s tests, since testing 
indicated the length of the second lane compromised manoeuvre severity since it 
allowed time for the vehicle to settle before being directed to the final lane.  

 
Figure A2.7  Modified ISO 3888-2 course layout. 
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