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EXECUTIVE SUMMARY

This report provides a new methodology for safety benefit assessment of real-world
benefit of the Advanced Driver Assistance Systems (ADAS) in terms of saved lives and
prevented injuries as well as the resulting monetary benefit for society. This
methodology is demonstrated and applied to PROSPECT systems that address
potential crashes of passenger cars with vulnerable road users (VRUs) such as
pedestrians and cyclists.
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Pre-crash kinematics data from crashes between passenger cars and VRUs from the
Pre-Crash Matrices (PCM) based on the German In-Depth Accident Study (GIDAS)
have been analysed with respect to twelve use cases derived in task 2.1 and 3.1
(described in Deliverable 2.1 “Accident Analysis, Naturalistic Driving Studies and
Project Implications” and Deliverable 3.1 “The addressed VRU scenarios within
PROSPECT and associated test catalogue).

Counterfactual simulations using relevant models for PROSPECT sensors and
algorithms have been performed on car-to-cyclist and car-to-pedestrian crashes
corresponding to the use cases. The counterfactual simulation is a method that has
been used to analyse crashes amenable to the technology and assess what the crash
outcome would have been had the vehicle been equipped with the investigated
technology. Four algorithms of the PROSPECT systems have been modelled and
implemented in the counterfactual simulation tool.

The simulation results were updated with the results from vehicle-based testing on
closed test tracks for each use case. A key aspect in this task was the combination of
results from different sources concerning the effectiveness of the PROSPECT systems
in different use cases, e.g. simulation results and test results. For this purpose,
Bayesian statistical methods were proposed as an appropriate mathematical
framework.

Injury Risk Functions (IRF) for all cyclist use cases as well as for all pedestrian use
cases per severity were developed based on the police coded injury severity and the
collision speed. The computation of the local safety benefit of the PROSPECT systems
was based on a combination of models for crash avoidance probability and collision
speed in case of a crash (resulting from the Bayesian analysis combining simulation
results and test results) with the developed IRFs, using a variant of the dose-response
model.

The local benefit regarding fatalities, serious and slight injuries showed 55%-98%
benefit of the algorithms, depending on the use case. The system gives a somewhat
greater overall fatality reduction (82-86%) for all cyclist use cases combined than for
pedestrian use cases combined (69-76%, depending on the algorithm). These use
cases are addressing 86% of car-to-cyclist fatalities and 39% of car-to-pedestrian
fatalities in GIDAS PCM data, hence the reductions within the use cases correspond
to an overall estimated local reduction of 70-74% within car-to-cyclist fatalities and 27-
30% within car-to-pedestrian fatalities.

The reduction for serious injuries is somewhat lower than for fatalities, especially for
pedestrians. The results are in the range of 53-93% for cyclists and 23%-58% for
pedestrians depending on the use case and yielding an overall reduction of 71-76%
for cyclists and 36-44% for pedestrians within the use cases for the different algorithms.
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This corresponds to an overall reduction of 53-56% for seriously injured within car-to-
cyclist and a 19-23% decrease of seriously injured within car-to-pedestrian crashes.
The reduction of slight injuries is generally smaller than the reduction for serious or
fatal injuries, especially for pedestrians.

This local benefit was extrapolated to EU-28 by using a decision tree method. It was
assumed that market penetration and user acceptance of the PROSPECT systems
gradually increase, from 5.8% and 84.5% in 2025 to 20% and 87% in 2030. Due to the
assumed increasing market penetration and user acceptance, the annual number of
lives saved in EU-28 increases from an estimate of 79-95 in 2025 to 280-336 in 2030,
while the corresponding estimates for the reduction of seriously injured are 439-697 in
2025 and 1558-2474 in 2030. Accordingly, the socio-economic benefit of PROSPECT
systems increases from 203-296 million euros in 2025 to monetary values exceeding
878-1280 million euros from 2030 on.

The results have potential implications for policies and regulations in understanding
the real-world benefit of new ADAS.
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1 INTRODUCTION

1.1 THE EU PROJECT PROSPECT
The past decade has seen significant progress on active Vulnerable Road User (VRU)
safety systems, as a result of advances in video and radar technology. In the intelligent
vehicle domain, this has recently culminated in the market introduction of first-
generation active pedestrian safety systems, which can perform autonomous
emergency braking (AEB-PED) in case of critical traffic situations. PROSPECT is
significantly improving the effectiveness of active VRU safety systems compared to
those currently on the market. This is achieved in two complementary ways: (a) by
expanded scope of VRU scenarios addressed and (b) by improved overall system
performance.
The primary goal of the work package 2 (WP2) in the project is to generate the user
requirements for next generation proactive safety systems for deployment in vehicles
(passenger cars, VANSs, trucks and buses), with a focus on the specific needs of VRUSs.
The project is focusing on the complex, yet significant needs of cyclists, pedestrians,
as well as mopeds and motorized scooter users.
In achieving this goal, WP2 analysed and derived in-depth understanding of the
prevalence and underlying characteristics of vehicle-to-VRU accidents within the
European Union. Moreover, the project incorporated also the information from drivers’
performance and behaviour when using active vehicle safety systems to ensure
maximum utility for the technology and no unintended side effects of system use. The
partners primarily draw upon their expertise and analysis of issues/data from the EU
perspective, but also utilised their international links (e.g. with VTTI, UMTRI, NHTSA,
JARI) in order to gain a worldwide view.
The outcome from WP2 was provided to the project through four tasks:

1. Detailed analyses of accident databases (T2.1),

2. Naturalistic observations within selected European cities to establish how

vehicles and VRUs interact in real traffic situations (T72.2),
3. Focused qualitative and quantitative research studies and literature reviews to
establish user needs and functional requirements (T2.3) and
4. Estimations of the benefits of the PROSPECT safety system for VRUs (T2.4).

1.2 OBJECTIVES OF THE DELIVERABLE

The objective of this report is to estimate the real-world benefit of the developed
PROSPECT systems, i.e. the improvement for traffic safety in terms of saved lives or
serious injuries and the resulting overall benefit - not only the system performance
measured in detection rate or speed reduction.

According to description of work, socio-economic assessment is performed without
cost-benefit assessment (system costs are not included). Task 2.4 used the results
from task 2.1 to define and apply a methodology to estimate the socio-economic impact
of PROSPECT safety systems. This methodology includes an assessment of the
combined effect of active and passive safety measures (i.e. integrated safety).

The task was primarily focused on the development of methodology for assessment of
active measures, and the resulting methodology is described and discussed in sections
2 to 4. Benefit estimation of passive safety measures was conducted on the basis of a
literature review, which is described in the next section (section 1.3).
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1.3 LITERATURE REVIEW ON THE BENEFIT ESTIMATION OF PASSIVE SAFETY

The benefit estimation for passive safety is based on literature review. The aim was to
take into account the benefits due to Euro NCAP and legislation and deployable
systems such as pedestrian and cyclist airbags or pop-up bonnets.

1.3.1.1 Passive safety measures addressed by legislation and Euro NCAP

In Europe passive pedestrian protection for type M1 vehicles is mainly driven by
legislation and Euro NCAP. However, while legislation is compulsory to all M1 vehicles
(up to 2.5t), Euro NCAP only considers the majority of the most popular cars in Europe.
The protection of pedestrians and other vulnerable road users (VRU) was addressed
by legislation by the directive 2003/102/EG (EUDirective, 2003) which came into force
in 2005. This was displaced by regulation (EC) 78/2009 (EU, 2009) (“Pedestrian Safety
Regulation”) dealing with the type approval for motor vehicles and including passive
safety requirements to mitigate the risk of serious injury for VRUs in an accident.

Euro NCAP (EURONCAP, 2018) as a tool of consumer protection also addresses
pedestrian protection in the test protocols since 1997 which were updated in 2002 and
2014/2015. These tests assess the front structure of the vehicle regarding a head
impact as well as upper and lower leg impact. Since 2018, AEB pedestrian protection
is included in the test protocol.

In (Seeck, Seiniger, & Zander, 2012), a benefit estimation was given regarding Euro
NCAP test procedures for bicyclists and pedestrians involved in a collision with a
vehicle based on a GIDAS analysis. For cyclists (80% of them without a helmet), it is
shown that approx. 25% of all injuries were suffered in Euro NCAP test zones of which
head injuries make about 20%. For pedestrians the share of injuries suffered in Euro
NCAP test zones is much higher at 50%. Hereof, 25% are head injuries.

Pastor gives an overview between correlations between Euro NCAP test results and
real-world crash data to estimate the benefit of passive safety measures for pedestrian
protection (Pastor, 2013). This study was based on the German National Accident
Records from 2009-2011, analysed single pedestrian (aged 6-64) to single passenger
car crashes in urban crossing accidents, with Euro NCAP rated vehicles (post 2002)
part of which complying pedestrian protection legislation (EUDirective, 2003).
Correlation analysis between pedestrians’ casualty severity and explanatory variables
was performed via an ordinal probit model and significant correlation was found
between Euro NCAP pedestrian score and injury outcome in real-crash.

In particular, it was found in (Pastor, 2013) that a high pedestrian score (22 points)
brings 35% reduction compared to low pedestrian score (5 points) for pedestrians’
conditional probability of getting fatally injured and 16% reduction for pedestrians’
conditional probability of getting seriously injured. As a rule of thumb, each NCAP point
brings reduction in probability of 2.5% for fatalities and 1% for serious injuries. At the
same time, no significant injury reduction effect was found associated with the
introduction of pedestrian protection legislation (phase 1; (EUDirective, 2003)). An
estimation of the injury reduction potential by assuming a fleet completely meeting a
pedestrian NCAP score of 22 points was a 6 % reduction in fatal cases and 9% in
serious cases.
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1.3.1.2 Pop-up-bonnets

Pop-up bonnet is a pedestrian protection system that aims to increase the head
deceleration space beneath the bonnet and the underlying hard structures. This is
realised by quickly lifting the bonnet in case of the vehicle having contact with a
pedestrian. The variety of existing systems is large regarding the mechanical solution
as well as software solutions, including limit values for the activation of the system.

In testing (type approval and Euro NCAP), pop-up bonnets are tested statically in the
course of the head impact testing while the bonnets are fully popped up. The assurance
of the functionality of the system is shown by virtual testing. So far there is no real-
world test procedure for the complete system, i.e. pedestrian sensing, timing,
deployment threshold (Ames & Martin, 2015).

Based on the scales of the so-called Vehicle Related Pedestrian Safety Index (VERPS-
Index), a significant improvement in the protection of children is shown in (Kuehn,
Froeming, & Schindler, Assessment of vehicle related pedestrian safety, 2005) if a
vehicle is equipped with a pop-up bonnet compared to the same vehicle without an
active bonnet. The performance is even more enhanced for the combination of a pop-
up bonnet and an airbag that covers the A-pillar and the lower windscreen frame.

In (Ames & Martin, 2015), an extensive study is provided regarding the safety benefits
of pop-up bonnets for pedestrians based on the analysis of Euro NCAP pedestrian test
results. It was found that since 2010, vehicles equipped with pop-up bonnets
performed better on average than vehicles with non-deploying bonnets in pedestrian
safety. Vehicles with pop-up bonnets comprise only about 8% of all new light vehicles
in Europe and those vehicles tend to be in higher price class. Pop-up bonnets can
compensate for poorer testing results (if not equipped with deploying hood) due to the
desired vehicle style. However, the development of standardized test criteria is difficult
due to very different realizations of pop-up deployment designs.

In (Hamacher, Kuehn, Hummel, & Eckstein, 2017), the safety benefit of deployable
hoods for cyclists was investigated by means of extensive simulation studies. In this
study, it was found that head impact positions are characteristically located further
rearward compared to pedestrian frontal collisions. Cyclists have much higher head
impact velocities and angles. Cyclists are often not addressed by an active bonnet, or
even negative effects are determined. Pop-up bonnets in combination with a
windscreen airbag can reduce the injury risk significantly; the whole A-pillar must be
covered for shorter front geometries.

However, it seems that not much information about real-life effectiveness is available.
An analysis of the German In-Depth Accident Study (GIDAS) regarding pop-up
bonnets reveals only a small number of pedestrian accidents (n=10) with a vehicle
equipped with a deployable pedestrian protection system (Pastor, 2013). Regarding
the use case of such a system, one ends up with 6 cases and a 50% effectiveness of
the system as in 3 cases the system did not deploy. Reasons for the systems not being
activated are yet unknown, however, it might be simply due to e.g. the system being
out of the deployment threshold.
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1.3.1.3 Pedestrian and cyclist airbags

VRU airbags are external airbags located in the area of the windscreen and/or the A-
pillars that are deployed when an impact of a VRU is detected. In current Volvo vehicles
such an airbag is combined with a deployable hood.

In (Edwards, et al., 2015) a benefit-based methodology was developed for the
assessment of integrated pedestrian protection systems with AEB and passive safety
components based on the pedestrian AEB tests and the standard impactor tests within
Euro NCAP in the course of the AsPeCSS project (IDIADA, http://www.aspecss-
project.eu/, 2013). The key measure is the harm suffered by the VRU estimated from
AIS and the performance of good, average and poor performing cars was calculated
into casualty costs. In the passive safety testing Euro NCAP impactor test data and
input data provided by the manufacturers were used for the impactor injury criteria for
the most of the car’s frontal area that is likely to be hit by a pedestrian (at 40 km/h).
These data were extrapolated to other speeds using literature and empirical
simulations within the project.

In this study, the in-depth data from the road crash databases On The Spot (OTS) and
GIDAS were weighted to the respective national databases (i.e. STATS19 from Great
Britain and the German National Statistics). AEB input data was classified as “No AEB”
vs. “Current AEB” and testing of method was performed on real and composite vehicles
with overall good, average and poor performance in Euro NCAP tests. It was found
that while the order of the AsPeCSS rating (good, average, poor) aligns with Euro
NCAP results, the scaling was different: there was a large gap between poor-average
and a small gap between average-good while in NCAP there was a large gap in both
cases. The benefits of a (hypothetical) A-pillar airbag is estimated to be about 40-50%
in terms of casualty cost reduction.

Fredriksson and Rosén use another approach and end up in a benefit of 20-30% in
terms of the reduction of serious AlS3+ head injuries for A-pillar and windscreen base
airbags (Fredriksson & Rosén, 2014).

In (Barrow, et al., 2018) a study is presented that is dealing with the data-driven benefit
estimation of pedestrian and cyclists protection systems. Since in the course of the
second stage of the General Safety Regulations (GSR) review a research gap for the
portion of VRUs in contact with the windscreen was identified, this study aims to close
that gap for the third stage of the GSR review. Besides active protection systems the
study estimates the benefit of a Pedestrian Protection Airbag (PPA). The analysis is
based on British accident data, namely Road Accident In-Depth Studies (RAIDS, years
2000-2009, 2012-2015) and STATS19 (years 2011, 2015), including an upscaling from
in-depth to national data. VRU-to-front of M1 vehicle accidents are analysed (excluding
multiple vehicle accidents, child casualties < 13 years). The sample included 54
pedestrians and 20 cyclists in total of which 4 pedestrians and no cyclists were in the
target population. The relevant impact zones are divided into A-pillar and scuttle,
header rail and central windscreen.

Keeping in mind the restricted representativeness of the target population for a PPA
the combined effectiveness for all severities and VRU types scaled to STATS19 was
found to be 1.07% in frontal collisions with M1 vehicles. A PPA is predicted to save 72
fatally injured and 27 seriously injured pedestrians in a five-year period. No prediction
for cyclists prevented by the PPA was possible as the target population in the sample
did not include any cyclists. The prevalence of head contacts to the areas of the
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vehicle (unregulated by the Pedestrian Safety Regulations (PSR)) was 41.9% (n=31
of 74) of killed or seriously injured (KSI) pedestrians. The unregulated windscreen
areas pose a serious head injury risk as 21.6% (n=16 of 74) for KSI casualties with
AIS2+ head injuries caused in respective areas. Although the PPA is the best measure
currently available to protect the head, this study found that it is able to influence a
target population of 5.4% of the overall casualty population before its effectiveness is
considered. It is crucial for all VRU collisions to reduce the collision speed as the injury
risk directly correlates with the collision speed.

1.3.1.4 Summary

In-depth accident data show that the currently regulated testing zones in Euro NCAP
cover a large share of head injuries suffered by pedestrians and cyclists. The
comparison of Euro NCAP test results with real-world accident data reveal a significant
correlation between the performance in NCAP testing and the ability to prevent harm
for pedestrians. As a rule of thumb, each NCAP point brings a reduction in probability
of 2.5% for fatalities and 1% for serious injuries.

Regarding pop-up bonnets, only restricted information on real-world effectiveness is
published which is probably due to the small penetration rate of such a system. Even
if a deployable hood in general increases the performance in NCAP testing, there is
no test protocol that takes system specifications in the moment of actual deployment
into account. The small amount of real-world accident data indicates that there are
issues to be solved regarding the knowledge of the system specifications and their
limits. For cyclists, a simulation study shows that the kinematics are different from that
of pedestrians regarding head impact velocities, angles, and also the further rearward
point of impact. Here, the combination of an active bonnet with an external airbag
seems to be most beneficial.

External airbags are estimated to bring a beneficial effect for only specific types of
accidents, i.e. to a limited target group of about 5% of all pedestrian casualties amongst
other reasons due to the specifications of the systems boundary conditions. The
benefit of pedestrian and cyclist airbags strongly depends on the methodology of
assessment. In terms of cost reduction, the benefit is estimated much higher (50%)
than in terms of injury reduction (20-30%), e.g. because the approach also assigns
higher casualty costs for more severe injuries (with an Abbreviated Injury Score (AIS)
of 4 or 5).

There are several indications that the passive safety measures are most effective when
combined with AEB systems (i.e. integrated safety) since the reduction of impact
velocities is one of the most crucial parameters to enhance the performance of any
passive safety measure. However, there is also a potential drawback of a speed
reduction that kicks a speed-sensitive passive safety system out of its threshold.

2 METHOD

As indicated in the Introduction, task 2.4 was primarily focused on methodology
development for the safety benefit assessment of active measures. The developed
method is described in this section, the results of the implementation of the method
are provided in Section 3, followed by a discussion in Section 4.
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Based on an extensive literature review on existing benefit estimation methods, two
main assessment strategies have been identified that could be applied in the present
context. One is based on the dose-response model (Balint, Fagerlind, & Kullgren,
2013), estimating the safety benefit based on the crash frequency and the injury risk
functions; a summary of this model will be given in Section 2.3.5. The other approach
is based on counterfactual (“what-if”) simulation, with two tools: rateEffect (Wille,
Jungbluth, Kohsiek, & Zatloukal, 2012) and openPASS (Wang, et al., 2015) . These
tools will be described in detail in Section 2.2. An assessment framework combining
these strategies and introducing novel elements has been proposed, see Figure 1.
The assessment framework expects input data such as accident scenarios about car-
to-cyclist crashes generated in previous tasks in PROSPECT (T2.1, T3.1) and car-to-
pedestrian crashes identified from previous projects like AsPeCSS (IDIADA,
http://www.aspecss-project.eu/, 2013) and specification of the sensors’ parameters
and state-of-the-art algorithms. This input is used in “what-if” simulation (with the
rateEffect tool), which is performed to assess the outcome of crashes without and with
the safety system in the vehicle. The output of the simulation is whether the crash was
avoided and the reduction of the collision speed of the car in crashes that are not
avoided with the safety system.

Besides simulation results, test results from WP7 are also considered for the benefit
assessment. A novel element of the benefit assessment method is a Bayesian
framework for combining simulation results and test results. The Bayesian framework
gives an appropriate mathematical method for updating prior information, from the
simulation results, with new observations from the test results. This framework also
gives the possibility of updating the results with more observations even after the
project, for example if the prototype systems have been improved in production phase.
The output of the Bayesian framework is the local benefit, which is an estimate of the
safety benefit of the PROSPECT systems in the database used for generating the
accident scenarios (i.e. GIDAS). Therefore, in order to quantify the effect of systems
in Europe, the results need to be extrapolated to EU-level.

Speed
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Simulation avoidance in simulation (prior)
simulation
Scenarios Blue: processed data
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Figure 1: Assessment framework. Color coding: green=input, blue=processed data, orange=output.

Extrapolation of the results to EU-28 level was performed by the decision tree method
which is the best method up-to-date according to the literature review. A decision tree
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was built based on GIDAS data for the classification of the cyclist injuries in the car-to-
cyclist crashes, using a set of relevant variables (e.g. weather, surface, light, site,
gender and age). The same classification criteria are then applied to the Community
Database CARE containing crash data from all EU countries. A comparison of the
classification tree results from both databases yield weighting factors that are then
used for the extrapolation of the benefit to EU level.

In the assessment process, user acceptance results (from WP7) and fleet penetration
rates for the safety systems and their trend for the period 2020-2030 based on input
from the OEMs have been also taken into account. Societal costs of injuries from the
research literature were added as an input to the framework. Finally, the output of the
framework is the benefit of the developed systems on EU level in terms of reduction in
casualties (i.e. fatalities, serious and slight injuries) and saved costs as calculated from
the societal costs of the casualties.

The details about the method are further explained in the following sections.

2.1 GIDAS DATA

2.1.1 Database description

The German In-Depth Accident Study (GIDAS) is the largest and most comprehensive
in-depth road accident study in Germany. Since mid-1999, the GIDAS project has been
investigating about 2,000 crashes per year in the areas of Hannover and Dresden and
records up to 3,000 variables per crash. The project is supported by the Federal
Highway Research Institute (BASt) and the German Association for Research in
Automobile Technology (FAT). In GIDAS, road traffic crashes involving personal injury
are investigated according to a statistical sampling process using the “on-scene”
approach. This means that teams are called promptly after the occurrence of any kind
of road traffic accident with at least one injured person that is reported to the police
during determined time shifts. In addition, the investigation areas were chosen in
accordance with the national road network characteristics and the share between built-
up areas and non-built-up areas. Thus, the data collected by this sampling plan in both
cities is close to being representative for the accident situation in Germany.

The detailed documentation of the crashes is performed by survey teams consisting of
specially trained students, technical and medical staff. The data scope includes
technical vehicle data, crash information, road design, active and passive safety
systems, on-scene details and causes of the crashes. After the accident analysis a
computer-based accident reconstruction is conducted to determine information on the
crash kinematics and on crash avoidance.

As a simulation database, the so-called Pre-Crash Matrices (PCM) based on the
GIDAS data modelled in PC-Crash (DSD Dr. Steffan Datentechnik, Linz - Austria) were
used (Erbsmehl, 2008).
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