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A Method to Evaluate Combinations of Active anddfas Safety Systems

Nils Liibbe
Division of Vehicle Safety, Department of Appliedebhanics
Chalmers University of Technology

Abstract

Pedestrian road casualties are a major concerity rountries. Vehicle safety systems attempt to
reduce casualties and the accurate assessmenttosgstems is therefore essential. Passive safety
assessment is well established, and additionaleastifety assessment has recently emerged. However,
assessment methods accounting for the interacttwmeen active and passive safety do not exist in
today’s regulatory or consumer testing. An integglasafety assessment can help reduce pedestrian
casualties more effectively and efficiently by takiinformation gained through active safety
assessment into consideration and modifying theiy@safety assessment accordingly.

This research develops an integrated pedestriatysadsessment method and demonstrates its use
in assessing combinations of passive safety anddtige systems of Automated Emergency Braking
(AEB) and Forward Collision Warning (FCW).

Firstly, a method was developed that predicts daysasts for a vehicle using data from passive
safety and AEB evaluations. Casualty costs wera tlmenpared for vehicles with good, average or
poor Euro NCAP passive safety ratings in combimatigth an A-pillar airbag and an AEB system.
The results show that the AEB system has a safatefti broadly equivalent to increasing the Euro
NCAP passive safety rating from poor to averagavarage to good, and that the estimated benefit of
the A-pillar airbag exceeded that of the AEB system

Secondly, the method was extended to assess FCWnsy/sData to model driver reactions
required for the FCW assessment was obtained imlanteer study. Applying this method for
different types of FCW systems showed that suctesyscan, but do not necessarily, provide benefits
similar to those of AEB systems. An early activgtifiCW system with a haptic (brake pulse) warning
interface was as effective as an AEB system inaieducasualty cost.

These assessments of AEB and FCW systems measuee Pisitive performance, which is,
broadly speaking, the performance of an activaystem in situations in which activation was needed.
Additional False Positive requirements are propose@nsure that active safety systems are not
activated too early; a threshold of what could loesidered too early was developed from the
guantification of driver comfort boundaries in voteer studies.

The integrated assessment method proposed has ahefitbof estimating overall safety
performance with a single indicator, casualty casgking results for different vehicles easily
comparable. Furthermore, as the method aims atlistie assessment of a vehicle’s ability to protec
pedestrians, all body regions and injury severitab relevant impact speeds, as well as impact
kinematics and interdependencies are taken intouatc making this the most complete method
currently developed. However, since the methotkgebn the testing of a vehicle’'s active safety
systems in representative scenarios, and on theges its passive safety with existing impactests,
limitations of these existing test procedures ndtessarily have an impact.

It is suggested that the proposed integrated pealesafety method be implemented in consumer
testing to assess the total benefit offered byamgbination of active and passive safety technology
In addition, findings suggest that testing for eetsafety should be expanded to FCW systems and,
furthermore, that False Positive tests should @eémented. In the test scenarios already in use for
assessment of speed reductions, AEB and FCW systéination before comfort boundary timing
should be discouraged. With these proposals impieade assessment would more accurately reflect
the total safety benefit offered by different sys¢e and therefore aid the development and
proliferation of the most effective and efficier@destrian safety systems.

Keywords: pedestrian, assessment, integrated safety, Fakitive, driver behaviour, reaction time,
comfort boundary, AEB, FCW, airbag
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1 Introduction

Pedestrian causalities are an important part ofotregall number of road traffic causalities and
require attention. Active safety systems that imfasr warn the driver of an imminent collision or
automatically initiate braking of the vehicle haezently been coming to the market, joining longer
established passive safety systems which provideggrabsorbing structures to reduce the violence of
an impact.

Assessment procedures for passive safety systemsedirestablished in regulatory and consumer
testing. Methods to quantify the benefit of actbadety systems have already been developed and are
to be included in the 2016 program of the consutesiing organization Euro NCAP. Assessment of
integrated pedestrian safety, which is the combiféect of active and passive safety systems in the
same collision, is therefore in its infancy.

The aim of this thesis is to develop a new metlwdsdsess the integrated pedestrian protection
offered by passenger cars including both activepmasdive safety systems.

This introductory chapter first characterises pg@@saccident scenarios and injuries (Section 1.1)
and then gives a brief overview of injury mitigatistrategies (Section 1.2). Section 1.3 deals thith
question of how safety can be measured on differgaty scales and is followed by a review of
current practice in assessment of active, passwe, integrated safety in Section 1.4. These
assessments can be conducted as hardware tegtsil@tion and concern themselves with the injury
reduction that safety systems offer during necgsaativations (in collisions or near-collisionsih |
Section 1.5, theory and practice of the assessofiemnecessary activations are reviewed.

Chapter 2 details the scope and aims of this thbaised on the best practice and research gap
identified in the introduction. Chapter 3 summagigapers | to VI and introduces their key findings.
Papers |, 1l and VI develop and apply a method dseas the integrated pedestrian protection of
passive safety and Automated Emergency Braking (Adfered by passenger cars. Paper Il studies
driver behaviour to enable Forward Collision Wagh{FCW) assessment. Papers IV and V quantify
driver comfort boundaries for pedestrian encounders suggest thresholds to differentiate between
necessary and unnecessary safety system activaGbapter 4 discusses the developed integrated
assessment method in the light of existing knowdedgd highlights implications, limitations and
some future research needs. Chapter 5 concludeth#sis stating its contribution to knowledge.



1.1 Epidemiology (accident and injury types)
Pedestrian fatalities and injuries are of majoroeon in many countries and need to be addressed.
In the European Union (EU-24), 20% of all fataktie 2010 were pedestrians (Pa&teal, 2012). In
the USA, pedestrians accounted for 14% of all itegal in 2012 (NHTSA, 2014). In Japan 2010,
pedestrian fatalities represented the highest ptigpoof fatalities among all means of transpott, a
35% (ITRADA, 2012).

Passenger cars are the dominant collision partrepddestrian fatalities: 46% in Japan in 2010
(excluding mini-sized cars; ITARDA, 2012), 44% tmetUSA in 2012 (NHTSA, 2014), and 65% in
Germany in 2010 (Wischkt al, 2013). Protection of pedestrians by passengar isatherefore, of
importance.

A majority of pedestrian fatalities occur in darkee51% in the EU in 2010, 70% in the USA in
2012 and 69% in Japan in 2009 (Pateal, 2012; NHTSA, 2014; ITARDA, 2011). When not only
fatal but also serious injuries are taken into @eration, the majority of injuries are sustained i
daylight conditions: 67% in the UK, 2008-2010 ane060% in Germany, 2008-2010 (Wisehal,
2013).

Most pedestrian causalities involve a vehicle mgutraight ahead and a pedestrian crossing the
road (Yanagisawat al, 2014; Wischet al, 2013; ITARDA, 2012). Exact numbers depend on the
region and severity of injury under considerati@dfisch et al (2013) developed 6 distinct accident
scenarios with weighting factors (the proportionaafcidents that can be considered similar to a
specific scenario compared to all accidents atrtjuey severities “Killed and Severely Injured (RSl
“Fatality” and “All Casualties”) for Europe. The estarios are presented in Table 1 and account for
about 50% of all accidents involving pedestrians. the USA, Yanagisawet al (2014) indicated 4
priority scenarios. Figure 1 depicts these scerawith corresponding fatality rates.

Table 1. European accident scenarios adopted from Mthet al. (2013)

Accident - EU-27 Weighting Factors
ID . Description — .
scenario KSI Fatalities All casualties
1 - Crossing stralght road, near-side, 15% 13% 11%
no obstruction
5 - Crossmg straight road, off-side, no 12% 17% 9%
obstruction
= = Crossing at junction, near- or off-
3&4 ™ side, vehicle turning across traffic 5% 2% 4%
_L. or not across traffic
Crossing straight road, near-side, 0 0 0
> - I with obstruction % 2% 3%
L Crossing straight road, off-side, 0 0 0
6 — with obstruction 4% 2% 3%
7 - Along carriageway on straight 8% 10% 204
. road, no obstruction
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Scenario 3 (83) Scenario 4 (84)
Fatalities | %Fatalities
51 |Going Straight & Crossing Road 7,548 64%
$2 |Turning Right & Crossing Road 59 1%
53 |Turning Left & Crossing Road 141 1%
S4 |Going Straight & Along/Against Traffic 2,888 24%
OTHER SCENARIOS 1,156 10%
Total 11,792 100%

Figure 1. US accident scenarios Yanagisavehal. (2014)

By looking at in-depth studies of injuries sustdirnia pedestrian accidents, the importance to
pedestrian safety of various body regions and lelhieas can be identified. Most severe injuries ar
to the head, followed by chest injuries (includihgrax, abdomen and spine) and lower leg injuries.
These findings were obtained using data from tham@e In-Depth Accident Study (GIDAS) (Liers
and Hannawald, 2009; Liers, 2010; Fredrikssbral, 2010), the French Rhéne Trauma Registry
(Martin et al, 2011) and US Crash Injury Research Engineeriagvbirk (CIREN) (Muelleret al,
2012). Exact injury frequencies differ with studgsthn and data source as depicted in Figure 2. For
example, Liers (2010) sampled pedestrian accideititsthe vehicle front of passenger cars at impact

velocities up to 40 km/h while Fredrikssenal (2010) excluded Sports Utility Vehicles but irga
all impact velocities.

Findings from studies at different injury sevestimeasured according to the Abbreviated Injury
Scale (AIS) are presented in Figure 2. Higher A&&Is indicate a higher probability of not surviyin
the injury. The scale extends from O (no injuryptéuntreatable) (AAAM, 2008). A “+” as in AlS2+
indicates that injuries at the AIS 2 level and leigtvere studied. It can be seen that head, chdst an
lower leg are the most injured body regions. Tharelof injuries to the chest increases notably with
injury severity (from AIS2+ to AIS3+). As severitgicreases further, head injuries gain importance

while injuries to the extremities lose importanas,these never (lower leg, upper extremity) orlyare
(pelvis) exceed the AISS level.

Head injuries are most commonly sustained in araghpith the windshield area while lower leg
injuries are most commonly found in impacts witke thumper structure. Bonnet and ground impact
are the most common cause of chest injuries (laatsHannawald, 2009; Liers, 2010; Fredriksebn
al., 2010; Muellert al, 2012).
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Figure 2. Injury frequency by body region

1.2 Possihilitiesfor protecting pedestrians
A reduction of pedestrian casualties can be acHig¢keough improved traffic design, including
road design, vehicle design (as collision partnpritective devices (e.g. helmets) and education
(DaCoTa, 2012). Ideally, this is done with consadien given to interdependencies, and with a well-
defined goal as, for example, in the Swedish Visfmmo approach (Tingvall and Haworth, 1999;
Trafikverket, 2012).

Road design measures may include setting apprepvtticle speed limits and enforcing them,
creating safe walking routes separated from otfadiic modes, and safe crossing facilities. Edugati
aims to improve skills and behavioural patternshivle design measures may include energy
absorbing car fronts, and under-run protectionrocks (Wittink, 2001). Detailed descriptions of how
vehicle design can be modified to improve predigiedestrian protection can be found, for example,
in Bachem (2005) and Lawreneeal (2006). In these studies, the focus was on passifety, that is,
the design of energy absorbing structures to méiggury outcome during the collision and contact
phases. In addition, Fredriksson (2011) and Hama@®4) study solutions that improve predicted
pedestrian protection by passive and active safgtgems, thereby also including technology for
impact speed reduction prior to a collision. Aseems of the protection offered by these systems in
isolation and in combination is needed to guide gheritization of systems and to select effective

combinations.

1.3 Injury scalesto assess pedestrian safety
The level of pedestrian safety offered by vehiclas be measured in various ways, one of which is
as the inverse of risk. Risk is the chance of areemt event with specific consequences (Burgman,
2005). Thus, both the likelihood and severity ohsEguences define a risk. The consequences in
vehicle-to-pedestrian encounters range in sevdrityn non-injury collision avoidance to fatal
collisions. Various scales to assess pedestriatysiadve been developed.

Choosing which scale to use to assess safety pmafare and to define targets for desired
performances has a direct influence on the praatiton of safety technologies and on the degree of
safety performance consequently achieved (Tingatadll, 2013). Those scales most widely used for
target setting are likely to receive more attentitam others.

Road traffic fatalities have been targeted for mgegrs in the EU (OECD, 2008) and are central in
the United Nations Decade of Action for Road Saf@yHO, 2011). As the number of fatalities
decreases, a focus on nonfatal outcomes leadingntpterm consequences becomes more of a
priority (Stigssoret al, 2015).



The most widely used injury scale in trauma rede&che Abbreviated Injury Scale (AlS), which
categorizes every injury in each body region adogrtb its immediate threat-to-life. The AIS ranges
from O “non-injured” to 6 “currently untreatableS¢hmittet al, 2004). However, the AIS has been
criticized as being inaccurate and insufficient. & et al (2013) suggest that the AIS fails to
capture the fatality risk associated with somehef thost frequent injuries sustained by car occgpant
and that injury classification using Mortality RidRatios instead of the AIS provides a better
guantification of fatality risk. Tingvalet al (2013) note that the immediate outcome of roatfitr
accidents (as measured by AIS) might differ from ldng term outcome.

Despite these criticisms, the AIS nevertheless iesrtae basis for most vehicle assessments. Euro
NCAP scoring for pedestrian safety is to a largemixbased on AIS2+ injuries. For example, Euro
NCAP’s passive safety lower and upper leg assedsthesholds are based on AIS2+ level injury
risk curves (EEVC, 2002). Scoring for active saf@ghramet al, 2015; Euro NCAP, 2015c) mirrors
the point distribution based on AIS2+ injuries fr@minigeret al. (2014).

As an alternative to rating each injury with theSAhggregate metrics capture the implications of
combinations of injuries for a person. A persorumight be desirable to design and evaluate safety
systems. Several aggregate metrics have been gedelnd are in use, for instance the Maximum
AIS (MAIS), Injury Severity Scale (ISS), the riskermanent medical impairment (rpmi), Quality of
Life Year losses (QUALY), or socio-economic costcombinations of them.

The HARM metric (Blincoeet al, 2002) has been widely used in cost-benefit aaalyDetailed
cost values for injury severity levels and bodyioag are available for US vehicle occupants
(Zaloshnjeet al, 2004).

The Risk of permanent medical impairment (rpmirnsther aggregate metric that has been widely
used in the analysis of road safety benefits, pradantly in Sweden. Rpmi is one part of the Rating
System for Serious Consequences (RSC), where mttof fatality and permanent impairment are
combined. (Gustafssost al, 1985) The rpmi for different body regions andSAgvels is based on
Swedish insurance data. The impairment risk predie frequency of impairment due to road traffic
injuries. Thus, rpmi measures loss of health owvee tMalmet al, 2008). Developed from data for
Swedish car occupants (Maleh al, 2008), the metrics have also been applied t@rogtlists (Rizzi
et al, 2012) and pedestrians (Strandrethal, 2011). The ISO 39001 “Road Traffic Management
Systems” has defined injury with respect to itsglaarm health impact; rpmi is a metric that refect
these long term consequences.

1.4  Predictive pedestrian safety assessment

Predictive pedestrian safety assessment, the wiptbis thesis, concerns methods that aim to
predict the impact on safety that safety systenastechnologies will have in the future, as oppased
retrospective assessment which establishes effédgstems and technologies observed in accident
and incident data.

Predictive safety assessment can be grouped acgdalihe collision phase being studied: Active
safety for reduction of collision probability and/oollision severity so that resulting injury risk
reduced in the phase prior to contact; passiveysadethe contact phase; and integrated safetyhier
assessment of pedestrian protection both prior dunihg the contact phase. Post-crash safety,
characterizing measures after the collision hagénid beyond the scope of this thesis, and further
differentiation of active safety into phases acouydto activation time prior to a collision is
unnecessary for its purpose.

In passive safety assessments, models of eithemplete body or a specific body region are used
to impact a vehicle. Model response is measuredaasdciated with the probability of sustaining
injuries. In the regulatory and consumer testingoedlestrian protection, hardware tests of specific
body regions are used to rate impactor responsesigdesired or acceptable levels of injury
probability.

For active safety, consumer testing commonly tgiase on a test track using various models of
the collision opponents (targets) to trigger a oese from a vehicle under assessment. The abildy o



system to avoid collision or reduce impact spegadtsd against a desired level of collision avogdan
and speed reduction.

Integrated safety assessment procedures, whichogiredict the protection offered to pedestrians
by the combined active and passive safety perfocmaiha specific vehicle, have not yet been applied
in regulatory or consumer testing, and form th@dof this thesis.

In the following sections, hardware and virtuatites options are reviewed for the assessment of
passive, active and integrated safety. Current pesttice in regulatory and consumer testing is
described.

1.4.1 Passive Safety

Regulatory and consumer testing is conducted withsygstem hardware impactors: Physical
models of an adult’s head, a child’s head, a ldegrand an upper leg are made to impact the vehicle
under assessment. Notably, a chest impactor isingte, despite the fact that the chest is amoag th
most commonly injured body regions (recall Figuje #n overview of procedures can be found in
Carhs (2014). Recent descriptions of Euro NCAP gieide safety assessment procedures can be
found in Zandeet al (2015) for passive safety assessment and Schirain(2015) for active safety
assessment. Further details on test procedurebedound in EEVC (2002); Euro NCAP (2015a);
Euro NCAP (2015b); INCAP (2013); INCAP (2014a); ARG2014b); EC (2009a); and EC (2009b).
The validity of a test depends on its biofideliggarding impact kinematics and injury assessment;
validity is usually debated for each test. Biofitlehas been particularly questioned for the uppgr
test impactor used in the test suggested by thekpGroup (WG) 17 of the European Enhanced
Vehicle-Safety Committee (EEVC) (EEVC, 2002; Ces20i08; Hamadat al, 2005; Snedekest al.,
2003) and is clearly a challenge to achieve for sulysystem hardware impactor tests. These tests
cannot replicate full body kinematics, such asittfleience of lower leg impact on upper leg impact
conditions noted, for example, by Sagal. (2012).

Subsystem hardware impactor tests, on the othed, Hzave the advantage of being repeatable
(Lawrence, 2005). Physical models of a full pedastbody, such as the Polar dummy, can replicate
full body kinematics (Akiyamat al, 2001). However, to cover the entire area of ipbssmpacts, a
large variety of dummy sizes and test configuraiomust be used. Such full scale tests are less
reproducible and not currently used in regulatorg eonsumer testing.

Virtual models for testing exist in addition to @gal models. These include Finite Element (FE)
models of the hardware impactor, of human bodyoregior full human body models as well as
multibody models. The advantage of FE models i$ ¢ghaariety of measurements related to injury
generation can be obtained (e.g. plastic straitfjout causing physical damage, and can thus berfast
and less costly than testing with physical model®ast Mortem Human Subjects. As for hardware
tests, the validity of a test depends on biofigialégarding impact kinematics and injury assessment
The most recent Total Human Model for Safety (THUM& sion 4), a full human body model in FE,
has been validated to some extent (Watamalzd, 2012; Paast al, 2015) and has been extensively
used for research, but is not used in regulatony emnsumer testing except in assessments of
deployable bonnets in Euro NCAP (Euro NCAP, 2015Hhjtual testing with FE models of the
hardware impactor has been introduced for reguiabat has not as yet been widely applied (Eggers
et al, 2013).

Since this thesis is intended to be applicableatwsamer and regulatory testing, it makes use of
subsystem hardware impactors rather than FE mod#ie assessment of passive safety performance.

1.4.2 Active Safety

Impact speed has a major influence on the liketholopedestrian injury; the relationship has been
established independently from different datadetsvis, 2001; Rosén and Sander, 2009; Resé,
2010; Tefft, 2011). Current active safety for pedas protection mainly constitutes systems warning
the driver of an imminent collision, and the auttedaapplication of brakes to reduce impact speed.
Ideally, the collision is avoided altogether. Cansently, current assessments measure a system’s
ability to reduce impact speed in pre-defined sidh scenarios and score against desired speed



reduction (Schranet al, 2015; Euro NCAP, 2015c; AEB Group, 2011; Niewéhat al, 2011,
ADAC, 2014).

In today’s pedestrian safety assessments, ane iartl to be introduced in Euro NCAP 2016, tests
are conducted as hardware tests, i.e. a vehicloagpes a test target on a test track using andrivi
robot to control the vehicle (Lemme al, 2013). In most assessment schemes (Euro NCABc20
AEB Group, 2011; ADAC, 2014), only the speed reducperformance of AEB is assessed. Only the
Advanced Forward looking Safety Systems Workingupr(vFSS) has developed a protocol to assess
the speed reduction achieved by a warning systéfBJy 2012a): A driving robot brakes after a
warning is issued and after a specified time rapriasg driver reaction time has passed (1 second in
VFSS 2012a) as an alternative to automatic bratkeaion by the system.

In some assessment schemes, an additional, indapescbre is given for a timely warning, but
there is no direct relation between the assignedesand the speed reduction achieved. Euro NCAP
plans to rate warnings given prior to 1.2 s Timedallision (TTC) as positive (Euro NCAP, 2015c);
Allgemeiner Deutscher Automobil Club (ADAC) alsdes system warnings, but the criteria are not
publicly specified (ADAC, 2014).

While the focus of current assessments is on speddction, some approaches have been
developed to assess whether the system activatescessarily under normal driving conditions.
These approaches are reviewed in Section 1.5.

One limitation of current assessments is that teldgies not aiming at immediate speed reduction
such as steer avoidance (Toyota, 2013) or adaifitiveination are currently not addressed. Adaptive
illumination includes systems that increase nighetvisibility by adapting the illumination area to
road geometry, systems that adapt to other trp#fiticipants by automatically balancing illuminatio
strength and glare, and systems that adapt to dvdesels by indicating imminent or potential
collision objects with a spotlight.

As an alternative to hardware testing, various @@ghmes for the simulation of active safety
systems for pedestrian protection have been deséloBimulation might allow faster and cheaper
testing: Adding a few more test scenarios in astag simulation environment is likely to be less
effort than developing and adding test scenaridsaiware tests. While passive safety tests in Euro
NCAP are conducted at one test speed, active safetyation is carried out in several scenarios and
at several test speeds (Euro NCAP, 2015c; Euro N@&F5d), thus increasing the number of tests,
and motivating efforts for simulation particuladigr active safety systems. As with passive safety
testing, the validity and availability of modelsdasmain concern. In particular, accurate models of
sensors appear to be lacking (van der Made, 2015).

Simulation approaches might be broadly classifig#d two types according to the data used to
create the traffic situations employed.

The first approactsingle accident reconstructiorelies on a description of the traffic environmen
and the paths travelled by vehicles and pedestiaadved in collisions. An example of such a skt o
collisions useful for the estimation of active safeffects is the German Pre-Crash Matrix (PCM)
(Erbsmehl, 2009). Each of the accidents includeitiénPCM data is then reconstructed in a simulated
environment, which allows a replication of the decit with and without the active safety system
under study, and establishes the comparative in@agstem has on the collisions. The active safety
system is usually a simplified model of the reatsyn including sensors, decision making to activate
the system, and the influence of an activated sysie vehicle dynamics. This approach has been
successfully employed, for example by Rosén (208)g PCM data and by Andersehal (2012a)
using a commercially available software called ReeS(Tass, 2015) to create trajectories from in-
depth data collected by the Australian Centre fotofotive Safety Research.

The second approactraffic simulation creates the paths of the vehicle and pedestrian the
characteristic parameters of traffic or accidentad@hus, both accidents and non-accident situgation
are simulated. Traffic in countries for which databs with pre-crash paths are not available can be
simulated, which enables an analysis of the imphcactive safety systems on traffic events not
involving a collision. Examples of the applicatioh this method for different geographical regions



can be found in Lindmaet al (2010), Teraokat al (2013), Tanaka and Teraoka (2014), and Helmer
(2014).

For either approach, the key issues in achievimgh halidity are the replication of important
characteristics of the traffic or accident scen8ecfion 1.1) and of the active safety system.
Simulation approaches are appealing in terms o§itelicity of obtaining results, once the model is
validated; however, it is challenging to establisbdel validity. Use of simulations in regulationdan
assessment of active safety systems are furtheplmated by the fact that these bodies might not
have the information required to model a systertogudge its validity. Virtual assessment for aetiv
safety, as for passive safety, is not expected etowiely applied in regulatory and consumer
assessment of pedestrian protection within the fugare. Virtual assessment is not on Euro NCAP’s
Roadmap 2020 (Euro NCAP, 2015e).

1.4.3 Integrated safety

An integrated safety assessment is needed to dcdoursystem interactions and to reduce
pedestrian casualties more effectively and effityerProtection, as offered by active and passive
safety systems, is rarely independent. At leasbtoe extent, the same injuries are addressed and th
active safety intervention will influence the passisafety performance. Impact kinematics may
change, resulting in a higher or lower predicteabpbility of injury (Matsuiet al, 2011; Watanabet
al., 2012; Fredriksson and Rosén, 2012).

Integrated safety assessments — assessmentskiatttaaccount information gained by an active
safety system evaluation and modify the passivetgassessment accordingly — are not yet applied in
regulatory or consumer testing. Integrated assassnamtirely based on computer simulations have
however been proposed for vehicle development Kmmpass, 2012). First, the pre-collision phase is
simulated with an active safety system interventiédnhthe time of collision, outputs of the active
safety simulation are transferred to inputs todtash simulation.

Combinations of simulations and hardware testingehalso been used to assess integrated safety
performance. In an earlier study, the simulatiorkioematic changes due to active safety system
intervention were combined with hardware tests afsive safety performance in the so-called
“Vehicle Related Pedestrian Safety - index” (VERR&x) (Kihnet al, 2005; Kihnet al 2007).

The concept was further developed by Hamaeheal (2011), Hamachest al (2013) and Hamacher
(2014) to create VERPS+, which is entirely base@xiernal assessments of active and passive safety
systems and no longer requires vehicle-specifiailsitions of kinematic changes. As the VERPS+
calculation is based on Euro NCAP passive safstynge results, Hamacher (2014) suggests that once
Euro NCAP decides on active safety system test odsththe integrated safety benefit estimation
offered by the VERPS+-index could be adopted intooENCAP. As VERPS+ is based on existing
active and passive safety test methods, the walidithese test methods does not need to be proven
again.

In the following sections, VERPS and VERPS+ indee aescribed together with other
developments for integrated pedestrian safety sisgad methods based on the existing Euro NCAP
passive safety testing results.

a) Vehicle Related Pedestrian Safety — index and itxnsions

This method initially focused on differences in gddnematics for different vehicle shapes, but
was later expanded in an early attempt to calcutgiiey probability for head impacts based on eithe
active or passive safety systems.

The index was originally defined as follows: Fogigen accident scenario, head impact areas for
several pedestrian heights are defined by numesigallation for each car to be assessed. Thess area
are then assessed by component tests, resultagiimury criterion measurement. This measurement
is transferred to an injury probability. The indexcalculated by weighing the injury probabilities
the impact points for the whole vehicle front acliog to impact likelihood (Kiihet al, 2005).

Hamacheret al (2013) extended the index to include active gasgstems and lower leg injury
assessment. To assess the benefit of active safstgms, an initial vehicle speed of 40 km/h is
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assumed. The speed reduction provided by the asaifety systems is assessed at 40 km/h, according
to an external test protocol, and a new impactafgeetermined. Impactor responses for head and
lower leg at the new impact speed are estimateti ¥ied formulas; no additional testing is
prescribed. Impact areas and injury probabilitgakulated for the impact speed after an activetgaf
intervention. Kinematic changes due to impact speelliction are reflected. The final results are
weighted for different accident scenarios with tlespective speed and injury reduction.

While this method brought forward the idea of védgpecific impact point distribution together
with component testing, it has several limitatioRgstly, the method arbitrarily chooses an injury
severity level (AIS 3+ level) (Kuhat al, 2005; Hamachest al, 2013) to measure the benefit of any
active or passive safety system. This means thaties at a lower injury severity are not expligitl
considered (AIS2 risk might however correlate wills3+ risk) and that the reduction of injury risk a
higher severities is not necessarily reflected. Al&3+ risk curve used reaches a 100% probabifity o
an AIS3+ injury at a Head Impact Criterion (HIC)agproximately 2500, so, for example, a reduction
from HIC 5000 to 3000 will indicate no benefit at AIS3+ level, whereas some benefit would in fact
be expected for the higher severity injuries. Sdbgrthe method does not assess body regions other
than the head and lower leg, and does not comlaralts into a single indicator. Thirdly, the
calculation of the VERPS-index is conducted at @s¢ speed only (40 km/h, which may or may not
be reduced by active safety systems), which is/dérirom accident data, but cannot reflect thetgafe
performance for all the impact speeds at which seid@ accidents occur. Finally, uncertainty in the
data and relations used is not explicitly considénethe calculations.

b) The Searsoret al. method

The Searson assessment method focuses on evalpatlegtrian safety for head impact at all the
impact speeds at which pedestrian accidents ottuickiinsonet al, 2012; Searsosnt al, 2012a).
Impact speed frequency data is taken from accidewyses. The injury measurement from a
component test, in this case the HIC value froneadform impactor test, is initially obtained foreon
test speed. Then, using a spring-mass-damper rfrodelSearsoret al. (2010), it is calculated for all
other speeds. Thus, information for the bottomingdepth, when the maximum bonnet deformation
is achieved, can be taken into consideration tionagt a steeper increase in HIC values beyond the
calculated bottoming out speed (Searsbal, 2012b). The HIC values for all impact speedsthea
transferred to injury probability, exemplified atet AIS3+ and AIS6 levels. Finally, the injury
probability is aggregated over impact speeds. Acafety is considered by modifying the distribatio
of impact speeds over which injury probability ggeegated according to reductions achieved by AEB
systems (Andersost al, 2012b; Searsoat al, 2014). A specific test procedure for active safe
systems to obtain new impact speed distributionoissuggested; the method remains conceptual in
this respect.

This method explicitly models the influence of batttive and passive safety systems on head
injury outcome. Further, the method calculates tgaperformance for the distribution of impact
speeds at which pedestrian accidents actually cmodrcan therefore assess variations in pedestrian
safety for speeds other than the test speed. Hoywswme limitations exist. The impact points used i
the passive safety tests are weighted equallyhaathe probability of impacting at different |locats
and the change of this probability with impact spaee not reflected. In addition, there are linbits
what the method attempts to model: Kinematic chandige to active safety intervention are not
modelled, body regions other than the head aremmatelled, and neither does the method model
uncertainty.

c) Assessment method Predicting Effectiveness of integed Ful3gangeschutzsysteme
A method called Assessment method Predicting H¥fecess of _integrated
FuRgangeschutzsysteme (PreEffect-iFGS) to assesothbined effects of active and passive safety
systems for pedestrian safety has been describ&thmnamm (2011) and Roth and Stoll (2011) and is
illustrated in Figure 3.

An injury-risk curve at MAIS2+ level for any typef pedestrian injury was calculated from
accident data in GIDAS for the average fleet cathasbaseline for comparison (grey dashed line in



Figure 3). Vehicle safety is given in referencenjory risk of an average fleet car at a selece=sd t
speed (illustrated for 50 km/h in Figure 3). Passiafety systems are assumed to reduce injuratisk
the given test speed, while active safety systerasagsumed to reduce collision velocity. The
reduction of injury risk from the employment of pag safety systems is calculated based on the sets
of injury risk curves for different Euro NCAP sceteThe blue solid line in Figure 3 represents the
injury risk curve for the passive protection legalen in the top left of Figure 3. A small reductim
injury risk can be identified comparing grey daslfedver passive protection level) and blue solid
injury risk curves. This reduction is attributedfassive safety systems. Active safety systemynjur
risk reduction is calculated from the change idigioh velocity. In Figure 3, the active safety s
reduced impact speed from 50 to 35 km/h. This riolucfollowing the solid blue injury risk curves,

IS associated with a reduction in injury risk. Aesflic test procedure to obtain speed reductiorafor
active safety system is not described; an outlingiven of how to obtain these reductions from
system simulation of the active safety system umdsessment. In a later version, it was suggested
that a similar system could be chosen from a b active safety system simulations based on
specifications such as sensor field of view. THigary would contain pre-defined speed reductianms f

a set of simulated active safety systems (VFSS2I201The integrated safety benefit for the
combination of active and passive safety systemthessum of active and passive system risk
reduction.

The main advantage of this method is that it cougtsies to all the body regions currently being
tested by Euro NCAP. However, this method alsoitsdémitations. The probability of impacting the
test points and the change of this probability wmtipact speed is not modelled. The choice of injury
severity level and reference car performance isesdmat arbitrary, and benefits are calculated at one
reference speed only. Additionally, the “injuryfshimethod” lacks validation and a loss of
information occurs when combining local (head, uppg, lower leg) injury risk to a global MAIS
risk for passive safety system testing. The degiatgury risk curve at the MAIS2+ level indicates a
substantial injury risk at zero velocity, which égplainable from the data and methods used but
unlikely to accurately represent reality. As fore tlother methods, uncertainty is not explicitly
modelled.
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Figure 3. Integrated pedestrian safety assessmentethhod from Roth and Stoll (2011)

! The curves are obtained through estimating thecetteat Euro NCAP scores have on injury severityd @onducting logistic
regression on the estimated new injury outcome. “jery-shift method” developed by Liers and Hamredd (2009) is used to estimate
Euro NCAP score effects. In principle, it is assdrtfeat injury severity is reduced for good Euro N€scores. Exact reduction of injury
severity depends on the combination of injured bedyon and test area as well as on the Euro N@AResn the considered test point.
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15 Active safety assessment: Balancing True Positive and False Positive activation

The assessment of safety systems today mainly omdtself with True Positiveperformance,
which is, broadly speaking, the performance of eivated system in a situation in which activation
was called for. As described in Sections 1.4.2 hdd3, rating systems for these performances have
been developed. All other things being equal, #esyshat activates earlier will achieve greaterespe
reduction and a higher score. False Negative dmiivavhere a system does not activate in a sgnati
in which activation was called for, is also incldda the ratings as no speed reduction will be
achieved and no score will be given. Systems thateha low False Negative activation rate will
consequently be given a higher score in today'®ssssents. The activation of a system when
activation is not called for, commonly referredatoFalse Positive activation, has not been included
Euro NCAP assessments. However, consideration dhoeil given to False Positive performance
assessments, as done recently in the assessméwodsef ADAC, vFESS and AsPeCSS. Too early an
activation can cause driver annoyance and misinuste system; mistrust in the system can lead to a
deteriorated driver reaction and performance ofnwar systems (Bliss and Acton, 2003; Abe and
Richardson, 2006). Automated systems do not rehdiver reactions, but should nevertheless be
designed with False Positive performance in mingo €arly an activation can annoy drivers who
might then want to switch the safety system offogdther thereby eliminating safety system
performance completely. Furthermore, a driver migbt opt for the technology again given the
choice at the next car purchase or rental. Balgn€thue Positive performance assessment (requiring
early activation) with False Positive assessmegjuiring non-annoying activation) is important to
achieve the best overall safety performance.

In the assessment of ADAC, a pedestrian walks oallesion course towards the driving path of
the car under assessment but suddenly stops premtéring the driving path. The conflict situatien
thereby resolved independently of any driver actidme aim of this test appears to be to quantiéy th
amount of system activation against a desired lasahe car “is supposed to warn and start braking”
(ADAC, 2014). Thus ADAC seems to rate warning anakb initiation as desired False Positive and
braking to full stop as undesired False Positivee @etails of the test set-up and deduction oftdimi
for desired and undesired activation appear nbetpublicly available.

In the assessment of VFSS, pedestrians remairdeutscollision course but close to the driving
path of the car under assessment. Any system #otivdisqualifies the car from further assessment
(VFSS, 2012c). Thus, VFSS has defined a scenariwhich any activation is thought to be an
undesired False Positive activation.

AsPeCSS developed False Positive tests “with thetai counteract and unveil too much test-
oriented system tweaking” to be carried out alotgsests for True Positive performance (Seinaer
al., 2014). In these tests, a similar procedureabahthe True Positive performance test is adopied
pedestrian is walking towards the driving corridgra car on a collision course. While in True
Positive performance tests speed reduction is atedy in these False Positive tests the activation
time of a system is assessed. System activatiolagsified into three groups based on TTC: Firstly,
True Positive activation as “mandatory activatiosécondly a grey area as “possible intervention”,
and thirdly an area of False Positive interventidiC values are calculated from a presumed
deceleration of a pedestrian of 3fresid a safety distance assumed as 1m perpendioutze driving
corridor. In the True Positive activation area,st&yn reaction is mandatory” as the “pedestriarots n
able to come to a complete stop before enteringitiveng corridor”. The grey area “opens variations
in timing to act earlier” and describes systemrivgation at times for which “a pedestrian is alde t
stop between the beginning of the driving corridoad an additional safety distance to the driving
corridor”. Finally, a False Positive area descriaé'segion where prediction already starts to bezom
rather unsure and intervention strategies are ofterearly in time” and “safety system is premalure
triggered and the unsure intervention is still dstantiated and typically not tolerated by the User
(Seinigeret al, 2014).

2 A review, discussion, and definition of True PosgtiFalse Negative, True Negative and False Pesitn be found in Appendix 2.
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Contrary to the procedure of ADAC described abavewas not discussed in the AsPeCSS
procedures which systems (AEB, FCW) should actiaatd how the amount of system activation
would relate to activation time. This implies thia¢ thresholds could be understood so that initke f
“mandatory activation” any type of system needbéaactivated, while in the False Positive area, no
system should be activated. Seiniggral (2014) did not differentiate between AEB and FCW
thresholds.

Kallhammeret al (2014) reviewed False Positive definitions in Hneader context of automotive
active safety systems and found that definitionsevaambiguous but congruous in that the usefulness
of an alarm, dependent on context and driver péimgpwas seen to be more important than its
classification as true or false.

Comfort boundaries can guide such a classificasfamsefulness (Ljung Aust and Engstrom, 2011).
The comfort boundary divides the states of a fgebif discomfort to the driver and a feeling of
comfort. Drivers aim to stay within the comfort zoand take corrective action when they exceed the
boundary. The comfort boundary is subject to irdlial and subjective variations.

Ljung Aust and Dombrovskis (2013) state that they'kenabler for high levels of driver
compliance with alerts and warnings is that théesysdesigners and the driver’s view of the situatio
match, i.e. that they share the same definitiorwbére the comfort boundary is. If they do not
however, the driver will regard the system’s outgsia nuisance and general source of irritation.”

Comfort boundaries can be used to design Falseiosystem tests. Using a test scenario
developed for True Positive performance testsattization of systems could be assessed not only fo
the speed reduction achieved, but also for theivaton timing in relation to the comfort boundzsi
in that test scenario. Put simply, activation ptmthe comfort boundary could be penalized. System
would then be designed to activate as early ashgesbut not before the comfort boundary is reache

Quantifying driver comfort boundaries in the mostenon test scenario of a crossing pedestrian
can provide the necessary practical False Posasgessment. It can also provide a guide for system
designers for appropriate activation timings irextjwe of an assessment.
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2 Scope and aims

Integrated safety assessment procedures aimingedicpng the pedestrian protection offered by
the combined active and passive safety performahaespecific vehicle have not yet been applied to
regulatory or consumer testing. The aim of thisihés to develop a predictive, integrated pedastri
safety assessment method for consumer and regutatimg and for manufacturers’ in-house use.

Since this thesis presents a method that is intetml®e immediately applicable to consumer and
regulatory testing, it makes use of traditionalgpaes safety tests using hardware impactors. Taalig
with current best-practice in active safety assessgnthe tests included in the presented method are
also conducted as hardware tests, i.e. a real leefypproaches a test target on a test track, wsing
driving robot to control the vehicle.

The method is limited in its scope to active safgtgtems that operate automatically or warn the
driver, aiming for an immediate reaction, and tosén systems that aim to reduce impact speed. Thus,
while it is likely that other systems such as drigapport or steer avoidance have benefits, they i
outside the scope of this study.

The novelty and contribution of this work is thevdlmpment of a method to meaningfully combine
and integrate the results of these hardware testarf overall assessment of pedestrian protection
offered by vehicles. The method prescribes clestrgmcedures for active and passive safety systems
for the specific vehicle under assessment, asséssgmotection offered reflecting all impact speed
at which pedestrian accidents occur in the realdyenodels impact probabilities for different areas
on the vehicle front and the change of these pibtied as a result of active safety system
intervention, considers all body regions of a pethes potentially injured, and combines everything
into a single indicator of the total pedestriaresaperformance.

Furthermore, specific thresholds for an assessméntinnecessary activation are proposed,
ensuring that active safety systems are not aetiveto early which could be annoying to drivers and
prevent the desired reduction of impact speeds.

The specific research aims were:

1. To identify key concepts and issues for integrgedestrian assessment methods (Paper |).

2. To develop a ready-to-use assessment method fontdgrated assessment of passive safety
and AEB as one particular active safety systemeéPt)p

3. To obtain the data necessary to model driver reastio FCW systems (Paper III).

4. To investigate driver behaviour when encounteriegdgstrians in unaided (normal) driving.
This was done in order to quantify comfort bounegrihelping to determine the earliest
acceptable activation time of active safety systantsto design False Positive tests (Paper IV
and V).

5. To extend the integrated assessment method for &sB2ms to enable assessment of FCW
systems through modelling driver reactions (Paggr V

6. To assess FCW systems designed with the earliesptble activation time (from Papers IV
and V) to study whether pedestrian FCW systems laawibstantial safety benefit and
whether an assessment is indeed justified (Paper VI

The research was conducted in four main phases:

1. A review of the current state-of-the-art includimgstorical safety performance, current
practice and solutions proposed in the literature;

2. Theory development: Anchoring and ways forwardiftegrated assessment methodologies;

3. Data collection and analysis: Driver simulator s#sdor FCW driver reaction modelling and
comfort boundaries depending on pedestrian spesnd, tast track study for comfort
boundaries depending on vehicle speed;

4. Validation: Implications and robustness of methodglproposed.

The details of the methodology used in each phasebe found in the corresponding paper
summaries which now follow.
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3 Summary of papers

Paper | outlines the concept and ideas for aniated assessment method, and Paper |l details the
ready-to-use method developed for passive safalyAdtB. Paper Ill presents the driver behaviour
data needed for the development of a FCW assessmethbd. Papers IV and V quantify comfort
boundaries to set limits to FCW activation timep&aVI integrates FCW assessment functionality
into the method presented in Paper Il and illusgéihe benefit of using this method.

3.1 Summary of Paper |

Towards an Integrated Pedestrian Safety Assessmeltethod

AIM . This paper aims to provide the principles fdully integrated pedestrian safety assessment
method.

METHODS and TARGETS. An integrated pedestrian safety assessmengevslaped using
literature review, accident data analysis, compsit@ulation, hardware testing and validation agains
real-world data. Targets for the assessment mett@defined:

* A fully integrated assessment is necessary to asseselevant interactions of safety systems.
Active safety intervention will influence passivafaty performance. Pedestrian kinematics
might change and thereby result in a higher or fquwebability of injury.

« The method needs to consider all the casualty’$2A) injuries and not just the maximum
AIS injury, because it is the combination of ak timjuries which determines the outcome for
the casualty.

* The benefit needs to be expressed as a singleatndic

* A relevant range of impact speeds should be coregidé\ single test might encourage sub-
optimisation as the structure tested might thenbeotleveloped to offer protection at other
speeds.

< Both the impact area as well as impact point distron need to be aligned with actual impact
probabilities. Dependency on speed changes nedusdaplicitly modelled.

* The influences which active safety interventiongtmihave on impact kinematics need to be
analysed by full human body simulation and refldatethe method.

RESULTS. An outline assessment method was developedistimgsof five steps as listed below.
Further development will include validation and ilgedtion against real-world data, uncertainty
assessment and possibly simplification for usetélieholders such as Euro NCAP.

1. Active safety testing: Exposure / velocity curvehift. Driver warning and AEB systems will
be assessed with respect to their ability to redionpact velocity. Changes to impact kinematics due
to this intervention will be noted for passive $gfeesting. Analysis of accident data will be used
define representative test scenarios.

2. Passive safety testing: Impactor measuremeritests will be conducted to estimate impactor
injury criteria measurements for the relevant viehépeeds identified in Step 1.

3. Calculation of injury: Injury risk. Injury criteria measurements from Step 2 will bewerted
into an injury estimate for tested body regionsagsinjury risk curves and velocity-exposure data
from Step 1.

4. Calculation of cost: Socio-economic codhjury risks for tested body regions will be corteel
into costs.

5. Vehicle assessment: Weighting and summindn the final step, costs will be weighted to
account for non-tested body regions and ground émgdese costs will be summed to give an overall
socio-economic cost for vehicles fitted with actared passive safety systems.

DISCUSSION and CONCLUSION. To complete the development of the assessmettitoche
further substantial efforts are needed both tdkfibwledge gaps and for validation.
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3.2  Summary of Paper ||

Assessment of Integrated Pedestrian Protection Syshs with Autonomous
Emergency Braking (AEB) and Passive Safety Componén

AIM . This paper aims to develop and illustrate aeliebhased method for the assessment of
integrated pedestrian protection as outlined inePapThis method was then used to estimate the
benefits of cars with good, average, and poor ENBAP (passive safety) pedestrian ratings, in
combination with a hypothetical A-pillar airbag asw AEB system.

METHODS. The integrated assessment method was devetopamhsist of 5 steps (Figure 4).
The method was developed in two versions, one feat3Britain and one for Germany based on data
from (and thus mainly applicable to) Great Britaind Germany, respectively. A Matlab code was
created for convenient calculation of the integtabenefit using separate test data for active and
passive safety technologies as input.

Step 1: Active Safety Testing: Exposure—Impact Veltty Curve Shift

Detailed and national accident data for Great Britmd Germany was used to develop baseline
exposure—impact velocity curves appropriate foreaauntry and to classify accidents into typical
scenarios with their respective weight. Five testnsrios for laboratory tests of AEB systems,
replicating relevant accident parameters, were ldped by Seinigeret al (2014) to which the
accident scenarios were mapped. The mapping alldared proportional calculation, based on real
world accident statistics and speed reductions unedsvith the AEB system in the test scenarios, of
the shift in the exposure—uvelocity curve providediee AEB system.

Step 2: Passive Safety Testing: Impactor Measuremeand Extrapolation

Euro NCAP impactor injury criteria values at 40 knwere extrapolated to other vehicle speeds
using simple statistical functions from the liten&t (Searsomt al, 2012a) or from simulations and
tests performed by Rodarias al. (2014).

Step 3: Calculation of Injury Frequency
Impact probabilities:

In the lateral direction the impact probability wassumed to be uniform over the car width for all
impactors, which is supported by accident data. gitodinal impact probabilities were only
considered to be relevant for the headform impacforspeed-dependent relationship between
pedestrian height and the longitudinal head impasttion measured as wrap-around distance (WAD)
was established from results of simulations with TiHHUMS pedestrian human body model (Mottola
et al, 2013).

WAD(log(v), Pedestrian_Height) =-2227+335log(v)+Reflestrian_Height
where: WAD and Pedestrian_Height is in mm, and ¢pea km/h

Injury risk:
Injury risk curves were taken from the literature.

* For the headform impactor, the injury risk curvesdiare from from Mats@t al (2004)
and are based on a logistic regression type cdiledified Maximum Likelihood Method”
applied to pedestrian to car head impact data.

* For the upper legform impactor, the injury risk\eiadopted for femur and pelvis injuries
at AIS2 level is the average of the two risk curbesed on logistic regression and a
cumulative normal distribution developed by EEVC YW32002).

e For the EEVC WG17 legform impactor, the injury riskrves used are from Matsui (2003)
at AIS 2 level as it is assumed that these offerbigst available data.

 For the Flexible Pedestrian Legform Impactor (FIEkI), injury risk curves from
Takahashet al (2012) were implemented.
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Step 4: Calculation of Socio-Economic Cost

Injury frequencies for the body regions tested weEneverted into costs using a monetary measure
of human and material crash harm (HARM) from Zatgalet al. (2004).

Step 5: Vehicle Assessment: Weighting and Summing

A body region calibration factor was used to cdrtie relative cost of injury for the tested body
regions, i.e. head, upper leg and lower leg, asutatked for representative cars by the uncalibrated
integrated assessment method. This body regiorbratibn factor ensures that the calibrated
integrated assessment method calculates injury @o$tody regions matching the cost of those
observed in accident data.

Subsequently, an overall calibration factor to eotrthe total cost of injury was calculated. This
should help take into account injury to body regimot tested, injury caused by contacts with pafrts
the car not tested currently, and injury causedimyind impacts. This factor needs to align with an
independently estimated AEB benefit reported in &diset al (2014a) for a car representative of the
average fleet in the accident data.

(1) Active safety testing: o | (2) Passive safety testing: . .
@ | Exposure—velocity curve shift G | Impactor measurement (4) Calculation of COSt,'
S £ 2 € HARM per body region
2 o Theoretical gurve
% 2 N AlIS2 AIS3 AIS4
o 5]
‘S g Head € €€ €€€
8 S . Uleg € € €€
Q I
5 a8 IS~ R Lleg € € €€
z \-_L g gunlt P '
velocity 40 km/h velocity
(3) Calculation of injury: Injury risk x impact probability (5) Vehicle assessment
>
= B ‘ € HARM per body region ‘
@ 3 &
S <] i | Body region calibration ‘
z AlS3 s ®
2 8 g v
= -4 E ‘ Overall calibration ‘
E
Vehicle rating

Impactor measurement  Wrap Around Distance

Figure 4. Integrated Pedestrian Safety Assessmenmt five steps

Four different configurations of active and passiaety were assessed (Jeble 3.

» For passive safety impactor test data, test resefieesentative of current good, average and
poor performing vehicles with identical windscreeeas were assessed.

* For AEB input test data, one configuration with “Md&B system”, i.e. zerampact speed
reduction against the baseline exposure—impactcitgleurves, and one configuration
with “Current AEB system”, i.e. speed reductionsasw@ed in Seingest al. (2014), were
assessed.

* To represent a hypothetical A-pillar airbag, impadest results were modified on the A-
pillars. This airbag was specified to activate w21 km/h and 51 km/h, reducing HIC
from 6000 to 400 at 40 km/h (Fredriksson and Rog6a4) and to follow the same HIC-
velocity relation as for other vehicle structur8sep 2). Euro NCAP scores were estimated
by changing the rating from red (zero score) teeqgr@ull score) for test points on the A-
pillar.
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RESULTS. Table 2 gives the assessment results for then&@ewersion of the assessment
method for the following configurations: good, sage and poor Euro NCAP passive safety rating
with no system, with AEB system, with airbag, anithviboth AEB and airbag fitted. The percentages
in brackets show costs normalised to average masafety performance with neither AEB system nor
airbag fitted. It should be noted that higher ENGAP scores indicate better protection, whereas, in
the integrated assessment method, costs decretasieetter protection.

Table 2. Pedestrian safety assessment results

Additional safety system Passive Safety Level

Good Average Poor
Euro NCAP passive safety score rating
No System 32.2 (142%) 22.6 (100%) 12.2 (54%)
A-pillar airbag 33.4 (148%) 24.4 (108%) 13.3 (59%)
Integrated method rating (million Euro)
No system 662 (99%) 667 (100%) 943 (141%)
Representative current AEB 559 (84%) 563 (84%) (298%)
A-pillar airbag 375 (56%) 338 (58%) 661 (99%)
AEB and A-pillar airbag 324 (49%) 333 (50%) 560984

DISCUSSION. The integrated assessment method predicts disagrtipositive impact on safety
from the introduction of an A-pillar airbag, withm@edicted reduction in casualty costs of 42-43%
depending on passive safety level. The Euro NCAEhod, in contrast, predicts a very limited safety
benefit of only 5-8%. This difference can be btited to the injury risk curves used and the
procedure to calculate impact probability.

The injury risk curves for head injury show a sabsl increase in risk for severe head injury at
HIC values above 1800 and a large change fromirete$ted areas, assumed to be HIC 1,800) to
default red (for not-tested A-pillars, assumed ¢oHIC 6,000). Thus, A-pillar areas are substantiall
more important in the integrated assessment desdlbpre compared to the Euro NCAP assessment.

Further, the integrated assessment method calsuta¢eimpact probability for the head for each
WAD and divides this probability by the number atdral test points for each individual WAD to
calculate the impact probability for each test poline highest WAD has only few test points because
of the shape of the car and the marking out praeedihese few points are taken to be representative
of the full width of the car and the windscreenaaletween these points, which would likely be
default green, is not taken into account.

One should keep in mind that the hypothetical girvas optimistically assumed to deploy in all
collisions in the specified speed range. The AE&ay was rather pessimistically assumed to give no
benefit in some unclassified accident scenario%o(80 all cases) and not to affect exposure—impact
velocity curves when the driver was already braKs@fo of cases, but the benefit of AEB for patrtial
and late braking was adjusted for in the calibrgtio

Further limitations of the assessment method irelud

* An assumed linear relation between injury coseefad and not tested body regions.

* The accuracy of the scaling of impactor criteridnypactor speeds and a disregard
for any occurrence of bottoming out.

« The validity and accuracy of injury risk curves.

e The validity and accuracy of head WAD relationskijth speed and pedestrian
height.

« The validity and accuracy of using Euro NCAP assess results for a single car to
be representative of all cars in the accident dsgal for calibration.

* A disregard of the effects of vehicle pitching wheaking.

* The mapping of test scenarios to accident scenarios
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CONCLUSION. A method to estimate the overall benefit of acawel passive safety pedestrian
protection was developed and successfully testiee.rmethod utilises advanced integrated assessment
in order to promote and spread best possible dvpealestrian protection and is ready for use in
further assessments. It is encouraging that thbeddhdicates benefits for safety systems of timeesa
order of magnitude as predicted by previous rebeffcedriksson and Rosén, 2012). However,
limitations exist and it remains to be seen inagective accident studies whether the proposed
method correlates better with observed injury omiedhan other assessment schemes.
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3.3  Summary of Paper 111

Brake reactions of distracted drivers to pedestrianForward Collision Warning
systems

AIM. This study aims to quantify brake response time lanadte behaviour (deceleration levels
and jerk) to provide a detailed data set suitabiettie design of assessment methods for pedestrian
FCW systems.

METHODS. Distracted volunteers drove in a simulated urbavirenment in a moving-base
driving simulator. In a surprise event, a simulgtedestrian crossed the road in front of the veload
a collision course with the vehicle. Drivers werarmed of the imminent threat using four different
settings of FCW systems. A control group receivedvarning.

RESULTS. Caollisions and collisions avoided per setting amspnted in Table 3a. Differences in
collision rates were significant across settingshér-Irwin exact test, p<0.0001). A brake pulse
warning (Setting 2) was most effective in helpimiyers avoid collisions; only one simulated cobisi
occurred during this condition while 10 simulateallisions occurred for an audio-visual warning
(Setting 1) and audio-visual warning with Head-ugpthy (Setting 3). In terms of initiated braking
(Table 3Db), differences were significant acrosgirggs (p=0.002); however, only the brake pulse
warning was significantly (p=0.0005) different fraghe control.

Table 3. Number of collision events and brake inititions prior to collision

Setting 1 Setting 2 Setting 3 Setting 4  Setting 5

AV BP HUD HUDfam Control
a Collision Yes 10 1 10 8 6
Collision No 3 12 3 5 0
b Brake initiation Yes 8 13 6 8 1
Brake initiation No 5 0 7 5 5

Brake response times were, on average, shortegiddirake pulse warning (Setting 2, mean 0.8 s,
SD 0.29 s) and longest for the control (Settingn®an 6.8 s, SD 2.8 s). Considering only the cases
with brake response after the FCW and prior toisiolh, differences across Settings were not
significant (F=0.81, p=0.50). Setting 2 (brake pylsad the shortest response time as shown in Table
4, which is likely to contribute to effective calion avoidance.

Table 4. Brake response time for volunteers beginng to brake prior to collision

Setting 1 Setting 2 Setting 3 Setting 4

AV BP HUD HUDfam
Mean [s] 1.0 (N=8) 0.8 (N=13) 1.0 (N=6) 0.9 (N=8)
Standard Deviation [s] 0.43 0.29 0.59 0.39

Brake response (max. deceleration and jerk) wadlyhaffected by the FCW Setting, and does not
seem to require modelling for each FCW system séglgr A multivariate normal distribution and a
linear regression were fitted to the pooled dadanfiall four settings of maximum brake deceleration
and jerk as shown in Figure 5. Blue circles arévehies, a dashed line depicts the linear regrassi
and solid contour lines represent the cumulativemad distribution at the cumulative probability
indicated on the line. Contour lines depict pertentalues for brake response of the normal
distribution, e.g. the “0.05 line” indicates tha5of brake deceleration and jerk combinations are
below and left of the line, and 95% of values abawd right of the line. The linear regression line
depicts representative combinations of brake jaréd brake deceleration. Combinations of brake
deceleration and brake jerk, given a desired pétearalue to be modelled, can be taken from Figure
5 as the intercept of regression line and contimer. For example, if a 10 percentile driver model i
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desired, values of 3.6n/deceleration and 5.3nijsrk can be read from Figure 5. For a 90 percentile
model, values of 10.8 nf/deceleration and 17.3 mjerk can be taken.
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Figure 5. Brake deceleration and jerk model for FCWresponse.

DISCUSSION and CONCLUSION. Homma et al (2014) report that 73% of drivers
acknowledging notice of an audio-visual FCW foriamminent but unexpected car-to-car rear-end
collision in a track test abandoned a secondatk: tHse remainder did not respond to the warning,
which was attributed to a misjudgement of the uecgeand warning content. These results are
comparable to a reaction rate of 62% of the auglt@ual warnings in Setting 1, which may also
include cases where the warning was not noticedl.at

The HUD in Settings 3 and 4 assisted drivers iatiog the threat and inferring the type of threat.
One might expect a shorter reaction time for theDHidmpared to an audio-visual warning (Lees and
Lee, 2008). In this study, however, no such benedis observed. One can only speculate as to the
reasons: The simulated imminent collision situati@s simple to comprehend. A single pedestrian in
strong contrast to the background crossed thet stteeconstant speed with no other moving traiffic
the vicinity. It might be that the HUD did not ingwe the already quick recognition of the threat.

Driver models are needed for assessment schemiesaslEuro NCAP’s pedestrian AEB rating. In
car-to-car AEB assessment, driver reaction to awhk&modelled by a brake response time of 1.2 s
and a maximum brake deceleration of 4 °nfsuro NCAP, 2015d). A similar driver reaction for
pedestrian FCW might be modelled after data frasgtudy as follows:

First, the proportion of drivers reacting at alldanitiating braking could be modelled for each
FCW system (Table 3) with brake response timedHese drivers as presented in Table 4. Second,
brake response in terms of jerk and maximum deatider could be modelled based on the pooled
volunteer response data, independent of FCW sydtatncorrelated as presented in Figure 5. One
only needs to select the percentile value of resparlevant for the assessment scheme. Using the
data from this study seems not only more relevduain tusing data from car-to-car collision
experiments for pedestrian FCW assessment, but ealables the modelling of correlations and
dependencies that could not be modelled using apatudies for each of the model parameters
required.
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34 Summary of Papers|V and V

Pedestrian crossing situations: Quantification of emfort boundaries to guide
intervention timing

Drivers’ comfort boundaries in pedestrian crossingsA study in driver braking
characteristics as a function of pedestrian walkingpeed

AIM. These studies aim to quantify driver comfort bouieda as indicated by brake onset, for
the common scenario of a crossing pedestrian toigeopractical thresholds for a False Positive
assessment. As described in Section 1.5, if autmraiaking and warning systems activate before the
comfort boundary is reached, this can be considayedearly. Quantified comfort boundaries also
provide a guide for system designers for approgpativation timings irrespective of a False Positi
assessment.

METHODS. Paper IV presents a test track study, while P&ppresents a simulator study. In
the test-track study, 62 volunteers drove througlingersection once at 30 and once at 50 km/h; for
the simulator study, 108 volunteers were drivin@@km/h in an urban environment. In both studies,
a simulated pedestrian was launched from behin@tetruction towards the driving path of the
approaching car at 1 m/s and additionally, in timeutator study, at 2 m/s, per volunteer. In both
studies, Time To Collision (TTC), longitudinal ataderal distance were measured at brake onset, and
additionally, in the simulator study, brake decafien and jerk were also quantified.

RESULTS. TTC was independent of driving speed but dependergedestrian speed. The 90-
percentile value was 2.5 s TTC on the test trackthe equivalent simulator setting, with a 1 m/s
pedestrian speed, the 90-percentile value was 2.6G which decreased to 2.2 s TTC for 2 m/s.
Volunteers applied brakes at an average deceleraite of 3.8 m/sand a brake jerk of 3.7 mi/sand
tended to brake harder with a later brake onset.

DISCUSSION. These studies successfully quantified driver combmundaries. Using, for
example, 90-percentile values of brake onset TT@wal a differentiating threshold for too early a
system activation to be set in the studies’ pe@esitrossing situations. However, extrapolation to
other test situations is not straightforward. Lineagression on the pooled test data for 1 m/s
pedestrian speed depicted in Figure 6 indicatdsnihv@orrelation between vehicle speed and TTC at
brake onset exists. Brake deceleration and braketdime are, to some extent, substitutable to come
to a full stop as illustrated by the lines of nezeg brake onset at different deceleration levels i
Figure 6. Drivers seem to be somewhat more likelgdjust brake deceleration than brake onset for
pedestrian encounters in urban environments. Atdnignstructed initial speeds, drivers might reduce
initial speed against instruction where there #rieted visibility, might choose to start brakingich
earlier where there is early visibility of the psti@n, might expect the pedestrian to take evasive
action and not react at all, or might attempt aanme by steering. Further influencing factors, for
example light and road conditions, may exist.
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Figure 6. TTC at brake onset and initial vehicle sped
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Brake onset was measured as the indicator for abiémundaries. This indicator was chosen as “the
most intuitive reaction of a driver to a pedestiialated dynamic hazard is to push the brake pedal”
Bromberget al (2012). TTC at brake onset was chosen as TTCaappe be the most widely adopted
FCW evaluation metric (Montgomergt al, 2014) and seems therefore most suitable foreFals
Positive assessment. TTC is also less affectedribing speed and shows a narrower spread than
longitudinal and lateral distances. However, nooprevas presented that brake onset TTC is an
accurate measure for driver comfort coundariestheurstudies should relate brake onset TTC with
direct measures of driver stress levels or subjecself-reported assessments of stess levels or
desirability of different system intervention times

CONCLUSION. Driver comfort boundaries in pedestrian crossirtgasions were quantified.
Selected percentile values from the collected databe used to design False Positive test threshold
These tests could replicate the True Positiveditisations, and thus require little additional itegpt
System activation before comfort boundary in théssts would be deemed too early. Careful
extrapolation of these thresholds to other testasitns in current True Positive performance
assessments would allow a simple and practicaltéediscourage too early, and thereby annoying,
system activation. Furthermore, system designemghtmuse comfort boundary distributions as
guidance for development, irrespective of Falsetiresassessment.
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35 Summary of Paper VI

Assessment of Integrated Pedestrian Protection Syshs with Forward Collision
Warning and Automated Emergency Braking

AIM. This paper aims to develop an integrated pedestefaty assessment method that includes
AEB and FCW systems. The paper also aims to ewaltis benefits of FCW systems with the
developed method.

METHODS. The German version of the integrated pedestriagtysalssessment method (Paper
II) was extended to quantify the benefit of AEB d&f@W systems in terms of casualty cost reduction
for a generic vehicle with an assumed good Euro R@Assive safety score.

A driver model based on a Driving Simulator studdager 1ll) was added to the integrated
assessment method from Paper II. This allows @matson of the speed reductions achievable with
FCW and subsequent driver-initiated braking.

The performance of AEB and FCW systems were assumedtivate at two different timings:
Firstly, late activation when a pedestrian approagthe driving corridor of a vehicle can no longer
avoid entering it due to the pedestrian’s limitddliy to instantaneously change direction (‘green
zone' in Seinigeet al, 2014) and secondly, early activation at the toherossing the driver comfort
boundaries (Papers IV and V). The performance efREW systems was also quantified for two
different warning interfaces. In total six systemsre studied: AEB, FCW audio-visual, and FCW
brake pulse, each in early and late activation.

RESULTS. Costs for the six systems normalized with no systeengiven in Figure 7: the lower
the cost, the higher the benefit. Both early aid AEB systems were assessed as giving a behefit o
around 25%. Late FCW systems offer little or noddi, whereas the benefit gained from early FCW
systems is dependent on system type: the early B@3f¢m with brake pulse was assessed as giving
a reduction of 25%, but the audio-visual FCW systffered rather less at 16%. These results
indicate that an FCW system can be as effectiveana8EB system for pedestrian protection, but that
this effect is dependent on FCW system design.

100%
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0% . . . . . .

No system AEB late AEB early FCW audi¢-CW brake FCW audio FCW brake
visual early pulse early visual late pulse late

cost

Normalized casualty

Figure 7. Normalized casualty cost of AEB and FCWystems

DISCUSSION and CONCLUSION. This paper quantified the benefit for two different
activation times of AEB and two FCW systems. Thasenot the only possible activation times; the
selection was made to represent a somewhat tylpiabctivation, which is thought to reduce False
Positive activation (Seiniget al, 2013).

However, not all False Positive activations nea@lgsi@ad to driver dissatisfaction (Kallhammer,
2014). This led to the definition of early systeativation at driver comfort boundaries measured in
experiments with attentive drivers (Papers IV and V

In the light of the high potential of FCW systerosirid in this study, it seems necessary to include
FCW performance tests in the assessment of pemlegtrotection. The implementation has been
demonstrated in this paper. Speed reductions iteitescenarios have to be measured, which requires
modelling of driver reaction to a warning. Suchaté&n models could use values reported from the
experiment in Paper .
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4 General discussion

A method to assess combinations of passive andeasdifety offered by cars has been developed.
Airbags were identified as an effective means tprowe safety while AEB and FCW systems showed
important but lower levels of effectiveness. FCVEteyns were shown, based on the data collected, to
have the potential to be as effective as AEB systdrhis provides new evidence that a discussion of
FCW systems for pedestrians is warranted, and easithe commonly-held opinion that warnings
would be too late to be effective.

In Section 4.1 below, the integrated assessmentadeproposed here is compared to existing
practices, which are reviewed. Section 4.2 discufise methods applied in the papers while Section
4.3 discusses the applicability of the proposedd-&ositive thresholds for different active safety
systems. Section 4.4 expands on the limitationshef assessment method proposed. Section 4.5
outlines the implications for practice in the assasnt of the expected impact on safety technolpgies
and finally Section 4.6 identifies some of the fetuesearch needs for integrated pedestrian safety
assessment.

4.1 Comparison to existing theories and methods

Key features of the integrated assessment metheelaeed (Papers Il and VI) are compared to
other proposals in Table 5.

Table 5. Key features of integrated assessment meitls

VERPS Searsoet al PreEffect-iFGS  This thesis
method
Body regions Head and lower Head only Head, upper andhll (Tested as Euro
considered leg lower leg NCAP, linear
weighting of
others)
Weighting No weighting, No weighting Head: 67% Real-world injury
separate (head only) upper leg: 17% cost distribution
assessment lower leg: 17%
Injury risk Injury probability Injury probability Calculated with Injury probability
reduction as function of as function of injury-shift as function of
impact speed impact speed method impact speed
Impact speed 40 km/h Real-world 40 km/h Real-world impact
impact distribution
distribution
Effectiveness Risk reduction at Unspecific cost  Risk reduction Total casualty cost
measure AIS3+ level function, example at MAIS2+
of risk reduction level
at AIS3+ and
AIS6 level
Impact point Real-world: Uniform over test Uniform over Real-world by
probabilities Vehicle specific area test area simulation
by simulation
References Kihnet al, 2005 Andersonret al, Schramm (2011) Papers Il and VI
Kihnet al, 2007 2012b Roth and Stoll
Hamacheet al Hutchinsoret al, (2011)
(2011) 2012
Hamacheet al Searsoret al, 2010
(2013) Searsoret al, 2012a

Searsoret al, 2012b
Searsoret al, 2014
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Some features of the assessment method propo#eid thesis are comparable with the Seaesfon

al. method: Both methods reflect real-world impacategp distribution and evaluate injury reductions
using injury probability and related cost modelieda function of impact speed. These features have
several potential advantages. Using cost, pedespiatection is calculated in a single indicator,
which allows a direct comparison between differeahicles and safety concepts, and makes the
assessment more comprehensible. Assessing inatredsseverities rewards all safety improvements.
The reflection of actual real-world impact speedstabutes to avoiding sub-optimisation to a single
(potentially irrelevant) impact speed and contrésuio making the assessment more realistic.

Contrary to previously developed integrated assestsrn(Table 5), it is here seen as necessary to
consider all body regions of the pedestrian inahsessment, and to weight them according to real-
world injury occurrence. If only head injuries arensidered, for example, a majority of injuries are
not addressed (Figure 2). Addressing some of theradnjuries is difficult, because only a limited
number of body regions are represented by impadiansexample, an impactor representative of the
pedestrian chest is currently unavailable, ancefbee chest injury prediction is not currently pbkes
Approximation methods, such as relating chest ynjir HIC measured by the established head
impactor (Hanet al, 2012) have been used in the past. The methatiisnthesis proposes the
calibration of total injury cost calculated (basewl limited body regions) against an independent
estimate of such cost (based on all injuries), #redeby relates the injury cost of non-tested body
regions linearly to those that are tested.

In line with the VERPS method, the impact area dagendency of impact probabilities on impact
speed are explicitly modelled. This is importantttaes shift of impact location with reduced speed
might in some cases increase injury probability t8deet al, 2011; Watanabet al,, 2012) and with a
fixed impact area and impact probability, such @fecannot be replicated. Both VERPS and the
method developed in this thesis obtain impact frdiias and predicted WAD from simulation using
a pedestrian human body model. While VERPS reliesmultibody simulations using models
provided by MADYMO, the method proposed in thisdisemakes use of simulations using the FE-
model THUMS that were carried out by Mottebal (2013).

VERPS prescribes the classification of vehicleseurassessment into categories by geometry and
uses category-specific impact kinematics; thisithpsescribes only one function of relating impact
speed with impact probability. While vehicle georyeaind stiffness undoubtedly will influence
impact kinematics, it was seen as difficult to aately categorise all vehicles under assessmeset. Th
limited increase in accuracy of a purely geometaigdul classification (neglecting the influence of
stiffness) might not justify the vast increase fiio..

VERPS uses pedestrian height distributions fromdact data; separate assessments for children
and adults are included, while the method in thissis uses data from the general population and
gives one combined assessment. Another differeoneetns areas on the vehicle front not assessed
by Euro NCAP: VERPS assumes generic values (e@.990 for windscreen and HIC 2000 for the
roof) while the method proposed in this thesis rsalkee only of data from impact points that are
actually assessed using impactors, effectively rfiggo impacts outside the assessed area. The
sensitivity of the resulting casualty costs to thissumption is presented in Appendix 1. This
assumption influences results; nevertheless, Aigillare identified as the major contributor to
casualty cost for all assumptions.

One of the implications of the method proposedhiis thesis is that pedestrian airbags are an
effective means of reducing pedestrian casualty. ddgs implication aligns with previous research
highlighting head to windscreen frame impacts apn@ontributor to pedestrian injuries (Fredriksson
et al, 2010) and cyclist injuries (Katsuharhal.,, 2014). About 50% of pedestrian head injuriesewer
sustained at WAD above 2000 (Kiua#t al., 2014), which is where the A-pillar is located foost
vehicles. Fredriksson and Rosén (2012) calculdtatdpedestrian airbags had an effectiveness of 34%
in preventing AIS3+ head injuries, and AEB systemseffectiveness of 44%. Hamacle¢ral (2013)
assessed windscreen airbags combined with an dmbiweet and AEB system for six categories of
passenger cars. For four of these vehicles, a wiadn airbag combined with an active bonnet was
more effective in preventing pedestrian head ieguthan an AEB system, although the difference was
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small. Thus, the high effectiveness of pedestridmags as calculated in Paper Il appears to be well
aligned with current knowledge and practice.

4.2 Methodological reflections

A variety of methods were employed to develop thtegrated pedestrian safety assessment
method (Paper II) and its extension to FCW assassifigaper VI). Choices between available
methods had to be made throughout the studies; stwiees were clear while others were less
obvious with several possible options. Some comnaiitms on methodological choices are debated
below.

Test scenariosare used to measure speed reductions of actiggysafstems (AEB and FCW) on a
test track (Figure 4, step 1). The choice was ntadmse the weighting of these test scenarios ®n th
number of fatally and severely injured pedestriangast accident data. However, this historicahdat
might not accurately describe the future or evenpifesent situation of pedestrian collisions agedri
and pedestrian behaviour, the environment and Mekechnology change with time, and influence
either immediately or with a delay collision ocance patterns and their injury outcomes. Methods to
predict the influence of such changes and the adipal and characteristics of collisions which resul
have been developed (Strandragh al, 2012; Anderson and Searson, 2014) and could rbe a
alternative basis for the weighting of accidentnsecims. Simply, assuming assessment of AEB and
FCW systems in the year 2016, one could weight gesharios against the collisions predicted to
occur in 2016 instead of the collisions which ocedrin the past as recorded in accident data.
However, the prediction of such changes and théisences on pedestrian collisions is not easyrgive
the uncertainties and a general lack of data, amdbe criticized as being (at least to some extent)
subjective in the underlying assumptions of theed# that safety features would have in single,
concrete, incompletely documented, accidents. Tadaspeculation on intended subjectivity, it was
seen as beneficial to use objective — but likedyvBtd — historical accident data over more relevant
but likely subjective — forecasted residual popala of accidents.

Probabilities of head impact in the longitudinal drection are dependent on vehicle speed and
pedestrian height. These probabilities are useeeight impact points in the head test area: An hpa
point that is more likely to be hit has a largentribution to pedestrian safety. These probalditie
were developed based on FE simulations with THUMISIon 4 (Mottolaet al, 2013). An alternative
to simulation methods (Mottoket al, 2013; Hamacheat al, 2013; Pengt al, 2011) could be the use
of mathematical relations between parameters ofabe&dent and longitudinal impact point as
recorded in accident databases (e.g. FredrikssbiRasén, 2012; Kiuchét al, 2014). While the trend
that higher speed and taller pedestrians impadarger longitudinal distances is consistent across
studies and methods, the magnitude of the influadiffers somewhat depending on car model,
simulation and reconstruction method, and regiatuacy and control for confounders appears to be
better when utilizing simulation methods under grecondition that the pedestrian and vehicle
models are validated.

THUMS version 4 has been validated to reproduceegteédn accidents kinematics and injuries
(Shigetaet al, 2009; Watanabet al, 2011; Watanabet al, 2012). THUMS has been used for
research into injury mechanisms in accidents (Wdiaret al, 2012) and for the development of
vehicles for real-world safety (Yasuki, 2006). THSMNAD was compared to PMHS pedestrian
impact tests at 40 km/h conducted by Kerrigaal (2007) and Kerrigaet al (2009). Analysing this
comparison, Mottolat al (2013) found that, excluding the “large SUV” caisthe head WAD from
the PMHS of AM50 stature falls in the corridor pictdd by THUMS simulations.

Currentinjury criteria were utilized to ensure that the active and pass@afety assessment
methodology was based on current best practiceeview of injury criteria for pedestrian impactor
testing was conducted by Lawreneeal (2006) and Bovenkerkt al (2008). These current injury
criteria are not free of criticism, and new oneghmibe beneficial or even requirdebr example, the
injury risk for the head is assessed with HIC naetbound measure of linear acceleration. Originally
developed for skull fractures, HIC has some rehatio rotational acceleration and brain injury.
However, the need for a head injury criterion basedotation has been emphasized in many studies
(e.g. Takhounts, 2015). If new injury criteria wépebecome best practice in pedestrian passivéysafe
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assessment, it would be necessary to revise thgothend implement them. As the logic and structure
of the integrated assessment would remain intach a revision should be possible.

Injury risk curves to relate impactor measurements to the probabidityinjury at different
severities were taken from literature, and areetioee established knowledge (Figure 4, step 3eSin
the method proposed in this thesis is intendedetagplicable to consumer and regulatory testing, it
focuses on the assessment of passive safety usbgysiem hardware impactors and established
injury criteria. However, several risk curves wesailable to choose from for existing injury criger
and one could also consider modifying publishedyasigamethods to construct a new set of curves.
While the integrated assessment method aimed latding all AIS levels, effectively these were only
adopted for head injuries as only AIS2+ injury riskves were available for leg injuries. For head
injuries, alternatives appeared to be a set of ciglves by Matsui (2004) and a set developed by
NHTSA (1995) as discussed in Edwaaisl (2014b).

Matsui (2004) developed pedestrian headform injisk curves based on the reconstruction of
real-world pedestrian accidents. By the naturecofdent reconstruction, for these injury risk cuve
an implicit transfer function from human to impalgvice is included. Injury probability is given for
all AIS levels using a logistic regression typelezhl “Modified Maximum Likelihood Method”
(MMLM). This method adds a constraint to the logisegression, namely that the injury risk needs to
be zero at zero stimulus (Nakahetal, 2000), and has been subsequently criticized Bzaier et
al., 2002; Bovenkerlet al,, 2008). Consequently, one may consider modifyireganalysis to use the
more common unconstrained or standard logisticession. Upon doing so, Edwardsal (2014b)
noted that HIC values at 50% injury probability &f AIS levels are about the same for either metho
as the curves cross. MMLM gives a lower injury gabitity at any HIC value below the crossing point
due to the constraint to give zero response at gtimilus. As logistic regression curves are always
symmetric, this leads necessarily to MMLM givingigher injury probability at any HIC value above
the crossing point. MMLM curves appear to be theermausible of the two sets.

In addition, it can be extremely difficult to rectruct an accident and get correct pedestrian
kinematics if actual films of the accidents are aadilable: The car speed, pedestrian stance tidinec
etc. need to be estimated. Errors can be very.|dige exact procedure is described in Japanese only
thus it is difficult to assess the quality of theconstructions. It can be noted that Matsui (2004)
verified the reconstruction of accidents by a corgoa of dent depths. A similar procedure has also
been used for the construction of upper legforrarinrisk by Rodmell and Lawrence (1998). Thus,
some limited validation of the reconstruction dates been carried out to increase the validity ef th
injury risk curves.

Further, it should be noted that Matsui (2004) meas HIGs when HIGs is commonly used for
pedestrian testing nowadays, and used a 2.5 kd tl@addform impactor while one of 3.5 kg is
currently used in regulatory and NCAP testing. Effect of changing the mass can vary: Structures
might bend under loading with a 3.5 kg impactor antdbend under loading with a 2.5 kg impactor,
resulting in increased HIC values. Where bottonoog occurs with a 3.5 kg impactor, it might no
longer occur with a 2.5 kg impactor, reducing Hiues.

Schmittet al (2004) note that the PHMS data used to estahlishan injury risk curves by Hertz
(1993) “consists of short duration impacts of tgtlig less than 12 milliseconds, the curve is
applicable to both HIG and HIGs". Assuming that the pedestrian headform reconsts were
carried out impacting hard structures, one caruin assume a short impact duration; consequently,
the curves developed for H§gGwvould be identical with those for HIE

Non-pedestrian injury risk curves have been dewdpy NHTSA (1995). These were based on
skull fracture injury risk curves from Prasad anérM (1985) who constructed curves from PMHS
drop test data. Other AIS levels were constructsthgu two different approaches: “expanded
Prasad/Mertz” and “Lognormal” curves (NHTSA, 1995)hese ‘expanded Prasad/Mertz’ curves
were derived by extending the relationship betwberMAIS 3 and MAIS 4 curves developed from the
Thoracic Trauma Index (TTI) (used to measure impasterity to the chest in side impacts) to the
MAIS 4 HIC curve representing brain injurf{NHTSA, 1995). Thus these “expanded Prasad/Mertz”
curves appear to be questionable and an approximatibest.
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“Lognormal” curves were derived using the followipgcedure (NHTSA, 1995)

1. Prasad and Mertz (1985) data was treated as cehandedescribed as lognormal distribution

2. Skull fracture was assumed to give MAIS2+ injury

3. Data from NASS and CDS was treated as censoredsadlto relate car velocity change to car
occupant head injury

4. A relation between velocity change and injury outeovas described as lognormal distribution

5. A function to relate velocity change to HIC wasabéished based on the available MAIS2+
data

6. Head injury risk curves for specific injury lever digher were described as lognormal
distribution.

The “lognormal” injury risk curves include reconsttions (step 3), but it may be easier to
reconstruct car occupant accidents than pedestdeidents. Further, cadaver test data was used as a
basis (step 1) while Matsui (2004) used recondtmstonly. The applicability to pedestrian impact
conditions of the relation between velocity chaagd HIC derived from MAIS2+ car occupant head
injuries is of importance for the validity of theserves. This additional step of relating headmjio
HIC via velocity change might introduce an additiberror compared to the direct relation of HIC
and injury carried out by Matsui (2004). Furthéese injury risk curves are developed for humans; a
transfer function to the pedestrian headform isawatilable or alternatively, proof of biofidelityah
not been provided.

The assessment method proposed uses the Matsul) (RIMLM injury risk curves in spite of
relevant criticism as the use of pedestrian tohesd impact data is seen as having greater relevanc
than data on head to car interior impacts.

Another consideration for injury risk curves is uher the data used for injury risk curve
construction represents the population at riskeafgstrian collisions. Often, the biomechanical data
obtained from PMHS tests or accident reconstrustiamd are biased towards elderly males. Thus,
such risk curves might not lead to optimal solwidor the younger population and females, as their
injury risk differs from elderly males. There seetasbe a need for the continued collection of raw
biomechanical data to accurately incorporate tfecef of age and gender into pedestrian injury risk
curves.

Virtual testing was not utilized in the assessment method butdcbhelused to assess the passive
safety and active safety performance of a cas. proposed instead that passive safety tests aredca
out with hardware impactors and active safety Walhdware targets on a test track. This is baseal on
consideration of today’'s state-of-art and the ititen to develop a ready-to-use method. The
availability and validation of virtual models migktill be incomplete, one reason not to propose the
widespread use of these models in assessmentshekrissue is the impossibility of validation of all
models by an assessment body, although this mayinedolved by reducing the role of an assessment
body to the verification of a few results provided the manufacturer, making use of proprietary,
confidential virtual models. The verification coullden be done using the classic hardware settings
with a reduced number of tests.

Comfort boundaries were measured and quantified experimentally. Rpe®ments were carried
out on atest track (Paper IV) and using driving simulator (Paper V). It is always questionable
whether such “laboratory experiments” accuratepresent “real-world” situations and are applicable
outside the laboratory. Efforts were undertakereficate “real-world” situations, and similar résu
were obtained independently in the track study iantthe driving simulator study. These results are
encouraging, but are, nevertheless, results of rerpats. Repeatability and control of the
experimental condition was considered very impdrtanthis thesisNaturalistic Driving Studies,
having excellent face validity, were not conductsidce the time needed to collect a similar amount
of data would have far exceeded that which waslaei It would be valuable to conduct such
Naturalistic Driving Studies not only to confirmetttaboratory experiments, but also to develop drive
individual comfort boundaries. Such boundaries wiledict drivers’ “natural” brake timing for a
given conflict situation deduced from driver chaesistics such as age and gender (as done fooear-t
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car conflicts by Montgomergt al, 2014) or deduced from historical braking behavi(carried out

for car-to-car conflicts by Aoki and Osaki, 2013).
Assessments of vehicle pedestrian protection neextacs to assess the benefit or protection

offered.

The use of a single injury severity level is appiaie when the aim is to eliminate injuries above
this severity level altogether. For the goal ofmifiating all severe to fatal injuries, a certaingsé
collision outcome is a failure regardless of whethecontains single or multiple severe or fatal

injuries. Most assessment methods are based oitfimgdnjury risk at one selected AlS level.

The implications of choosing one AIS level aresthated for the risk of head injury using injury
risk curves developed by Matsui (2004). As Figur@ad®) shows, the probability of injury increases
with increasing HIC values. Lower injury severitiescur already at lower HIC values. Figure 8
(bottom) depicts the HIC range covered from 109@epercent risk of the same injury risk curves.
This range indicates where changes in HIC haveslarifuence on injury risk. One can see that AIS2+
injury risk changes mainly between HIC 600 and 1Mile for AIS5+, injury risk changes mainly
between HIC 2100 and 3900. In consequence, usiBg@+Ahs metric for head injuries will encourage
vehicle designs that achieve HIC values of 600.r&he little measured benefit in achieving HIC
values below 600 and there is little measured hieoietrying to reduce high HIC values if the atfgtm
does not result in values below 1100. Using AlSS-aanetric, these borders and thereby encourages
vehicle design are different. Searsetnal. (2014) note that disregarding improvements oatsick
borders of the chosen AIS level needs careful denation as “there may be merit in rewarding any
improvement in safety; conversely, it may be thdutjat once risk rises to a certain threshold, no

credit should be given.”
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Figure 8. Head injury risk curve from Matsui (2004). Top: Cumulative Risk. Bottom: HIC
values for 10 to 90 percentile risk at different AB levels
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Choosing one AIS level as the basis for a safetfopeance metric can be avoided by reporting
the performance at several levels. However, huraemg&nown to fail at making rational choices when
faced with alternatives differing in consequencd #kelihood (Burgman, 2005; Kahneman, 2011).
The recent introduction of overall safety perforiwam most NCAPs (combining previously separate
assessments) might be seen as evidence that @ aggyegate measure is beneficial over the regortin
of several performances. Euro NCAP attributes uiscess to a growing community accepting star
ratings which are easy and accessible as legitimditeators of safety performance (van Ratingén
al., 2011). The use of an aggregate metric, or amativyeerformance indicator, such as HARM or
rpmi might be beneficial over reporting severaligaors.

HARM describes injury cost values derived from Ushiele occupants (Zaloshn@ al., 2004).
Cost values for European pedestrian injuries milifieér because medical treatment and injury types
differ. The calculations by the author using GIDA&a showed that, while injury types for a given
body region and severity level differed betweenamrupants and pedestrians in Germany, the length
of hospitalization as an indicator for cost did.rfedrthermore, for a relative assessment, onlyivela
differences are important, and these could becseffily small.

As with HARM, it is questionable whether rpmi vaduare directly applicable and could have been
used as an overall performance indicator in thegmted method. Car occupants and pedestrians
might have different injuries with a different rpiiar a given body region and severity level. These
different injuries might lead to a different rpmhen averaging for a specific body region and sgveri
level. The influence of a different injury spectruvas confirmed using the Swedish Traffic Accident
Data Acquisition (STRADA) data (16989 injuries foccupants and 8725 injuries for pedestrians).
Resulting differences in the rpmi between Swedeshazcupants and pedestrian injuries were small
except for AlS4 chest injuries, where occupants dradomi of 15% while pedestrians had an rpmi of
100%. Overall, the application of the rpmi metdeyveloped for car occupants, to pedestrian injuries
appears reasonably accurate.

For the assessment method proposed, HARM was adlastan overall performance indicator, as
it seemed reasonably accurate and simple to use.

4.3 Comfort boundaries as a guide to activation time (theoretical reflection)

Comfort boundaries are proposed as False Poséstettiresholds. This section discusses whether
comfort boundaries are equally applicable to wagrand automated braking systems and is based on
a framework for active safety evaluation developgd.jung Aust and Engstrom (2011).

This framework makes use of two boundaries: Firstlgafety boundary, which divides states of
maintained control and loss of control beyond recgvand secondly, a comfort boundary, dividing
states of a feeling of discomfort to the driver anfgeling of comfort. Drivers aim at a state witkte
comfort zone and take corrective action when theged the boundary.

It is necessary to provide the warning before tfety boundary is reached to ensure control is
retained: A warning at the time of losing contrallygiven that a human driver always requires some
time to react to a warning, inevitably result iloas of control. Most active safety warning systeres
designed with the aim of avoiding collisions, natlyomitigating them. Thus, warning before the
safety boundary is crossed is essential.

For automatic braking, there is generally no refatbetween driver trust and system performance
when the system is operating. However, if annoygdystem activations, the driver might want to
switch the safety system off altogether therebyniglating safety system performance completely.
Furthermore, a driver might not opt for the tecloggl again given the choice at the next car purchase
or rental. Thus, automatic braking systems neeldetalesigned and assessed with consideration to
driver trust. These systems could be activatedrbetfoe safety boundary is crossed to meet driver
expectation, since it is possible to imagine situest where a driver would have expected automatic
braking despite the fact that the oncoming confligithout activation, would not evolve into a
collision. It seems to be plausible to assume th#tin the comfort boundary, automatic braking
would be considered a nuisance in the same wayasrang, perhaps more so. Thus, as for warnings,
automatic braking should not occur before the cotffoundary is crossed. However, while warnings
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should take place at the comfort boundary for sygperformance reasons, automatic braking could
take place somewhere between the comfort boundehythe safety boundary. Further empirical data
is needed to relate the exact timing of automatikibg to the desirability of the True Negative ®tve
of automatic braking.

It might also be the case that, being aware of ttlistraction, drivers would appreciate an even
earlier warning than the at attentive comfort bargdince raising attention levels and orientafam
the distracted driver take time. To verify this biipesis a different type of analysis is needed:
Subjective driver responses on the desirabilitissfied warnings for various activation times need t
be collected. This will necessarily raise issueshjpéctifying subjective responses.

The comfort boundary is likely to differ among imidiuals and circumstances. Driver personality
and ability, as well as road and vehicle conditiansgl the traffic situation under consideration, are
likely to be influential. The selection of appragg percentile values of a population (e.g. bel6®69
of drivers’ threshold) may be suitable for deterimincurrent system design and assessment while
driver adaptive solutions may be applied in therfeit For these solutions, a False Positive tesildho
not be conducted against a fixed threshold, butthheshold should be determined from the driver
type and condition suitable for the test situatibmmight be necessary to conduct different temstsl
have different thresholds, for example for attemtwnd sleepy drivers.

In summary, current knowledge therefore suggesis reither warnings nor automatic braking
should be activated prior to the comfort bounddrgiroattentive driver. Whether drivers identifiesl a
distracted would appreciate an earlier warning iemto be proven. Thus, the definition of comfort
boundaries from empirical data is highly relevamt the assessment of active safety systems that
either warn the driver or brake automatically.né tcomfort boundaries of a particular test situgtio
either for an individual driver and an adaptiveteysg or for a certain percentile value of the drive
population, are known, assessments could penaltsa@ion occurring before this threshold has been
reached. Using such a False Positive test leadshigher overall safety performance by increasing
True Positive performance through earlier activatamly within reasonable boundaries, and thus
avoids detrimental effects on safety via drivertrst.

44  Limitations

The proposed method is ready to be used, but bakmitations as already discussed in the
summary of the papers and the section on methoalogflections in detail. In the following some
additional general limitations are emphasized.

The method assesses passive safety as the abithg érontal structures of a vehicle likely to be
impacted by a pedestrian to mitigate injury outcdhereby, for example, excluding reversing and
run-over injuries). It also assesses active sastyhe ability of systems to reduce speed prica to
collision, including automated braking systems (AEB well as systems warning the driver of an
imminent collision and achieving speed reductiomimans of driver initiated braking (possibly with
brake assistance). Beyond the scope of this tlaesisfor example, systems that aim to reduce the
number and severity of collisions by supporting tiiver when no collision is imminent, such as
fatigue monitoring or night vision enhancement.t8ys also exist which aim to avoid collision by
means other than speed reduction, such as thodeyengpautomatic steer avoidance to steer around a
potential collision partner (Toyota, 2013); thedsoafall beyond the scope of this thesis. Speed
reduction and other technologies seem to be fundtaihe different, as speed reduction is likely to
mitigate injury outcome even if the collision cahbe avoided altogether (even though the possibilit
of changing impact location and increasing prolighdlf injury exists) while the mitigation potentia
of, for example, “partial” steer avoidance, thatsigering but not avoiding a collision, is lessiobs.

The method proposed relies on the testing of astafety systems in representative scenarios, and
on the testing of passive safety with impactorste$hus, any limitations of the test procedures for
active and passive safety, such as unrealistieatefity of test targets or lack of biofideltiy of
impactors, will have its impact on the method. He future virtual testing could turn out to be more
powerful than hardware testing concerning biofigetir availability of body regions. Then, virtual
testing could replace hardware testing.
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The method currently does not quantify uncertaidtythorough quantification of uncertainty is
desirable to be able to determine confidence iaterfor the calculated best estimate of benefarof
combination of systems. For some elements, suchtifigation would be straightforward, but for
others nearly impossible. For example, it wouldvieey difficult to determine the accuracy of the
mapping of test to accident scenarios, which wagefbre not attempted in this thesis even though it
would clearly be beneficial for interpretation betresults provided by the integrated method.

The need to separate active and passive testindhenayercome in the future. The whole chain of
events could be tested or simulated in one run:hEmdware sensor target for active safety evaloatio
might simultaneously be a suitable hardware impdotopassive safety assessment. Also, simulations
might be established for active and passive sdfyures simultaneously. Such a method might
replicate system interaction in an integrated methore directly and better than the method proposed
which relies on separated hardware testing fognated assessment.

Comfort boundaries were quantified to provide €& ositive assessment, but limitations include
the fact that only two influencing factors were arjgorated and the general lack of verification of
technology—comfort boundary relationships. Theuefice of two driving and pedestrian speeds on
comfort boundaries were quantified (Papers IV andThese factors were believed to be of major
importance and are commonly varied in the assedsmerMrue Positive system performance
assessment. However, the list of other potentiaflyencing factors is long: The time of day, road
type, priority rules, driver mood and driving skjllroad surface and available or estimated frigtion
crossing angle, pedestrian size and age, and eyact@r other types of communication are justva fe
Rightfully, one might argue that the work presentaidses potentially influencing factors, and only
gquantifies comfort boundaries to some extent. Thuolkes for False Positive testing might need to be
adjusted if these influencing factors were to llided in the assessment.

Fundamentally, driver acceptance of system intdéreerwhen comfort boundaries were passed
remains a hypothesis, even if a plausible one.hBurtesearch is needed to verify through more
subjective and qualitative experimentation thetiatabetween comfort boundaries and technology
acceptance.

In summary, two assessments are proposed: Onerfar Hositive performance, the integrated
assessment method, and another, separate onel$er Fasitive performance which sets limits to
acceptable activation time to ensure best oveedllts for pedestrian protection. While the True
Positive assessment procedure is detailed anditpiavet, the False Positive procedures might regjuir
further investigation into influencing factors. Giateration should also be given to the possibdity
combining True Positive (casualty cost reductiomfgrmance and False Positive (Driver annoyance
reduction) performance into a single metric, sugiNamber Needed to Treat (NNT) which describes
the number of necessary system actions per caystem action. Helmer (2014) suggests that, for a
simulation approach to determine the effectivertdsactive safety systems, NNT combined with the
consequences of False Positives can be used tdatala trade-off between False Positive activation
and driver annoyance, on the one hand, and truéiyeosystem performance on the other hand to
achieve the best overall safety effects.

45 Implicationsand contribution to practice

This thesis aims at developing the means to askedstegrated pedestrian protection offered by
passenger cars (Papers I, Il and VI) which willowllthe prioritizing of countermeasures and
avoidance of sub-optimisation of passive or acystems that can occur when designing and
assessing these systems in isolation. Furtheimis ¢0 reduce pedestrian causalities by enabling a
better understanding of driver comfort boundarmspfedestrian encounters, and thereby potentially
allowing more efficient design and assessment tiwesafety systems (Papers IV and V). Integrated
assessment will enable the best overall solutiorafgiven development effort, thus improvements in
pedestrian protection will be expedited with argrated, compared to a separated, assessment.

An integrated assessment is necessary as optimismgub-systems might not result in overall
optimisation. For example, it might be beneficaltine passive safety performance to lower impact
speeds when active safety is considered. Provigicgrtain available deformation space for designing
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a deformation element, with constant force-deftectharacteristics for high impact speeds known to
occur without active safety, will result in highaaion forces to take up all impact energy. Knowing
that the speed will be lower prior to impact, doettive safety, one might be able to reduce theefo
level for the same sized element still taking Uprapact energy. As reduced reaction forces gelyeral
reduce injury probability, the overall protectia@vél would be improved over a design which did not
reflect active safety performance on passive sdfetyndary conditions.

It is hoped that organizations assessing vehidietysavill find it relevant to assess the overall
pedestrian safety benefit and adopt the methodnedtlin Paper VI. If vehicle manufacturers,
regulatory and consumer testing organizations viedeed to use an integrated assessment method
based on sound evidence, higher overall pedegtriziection could be achieved. Given the length of
vehicle development cycles and available roadmaps) use could be expected from 2020 onward.

This method indicates slightly different prioritiésr safety design than those which might stem
from the 2016 Euro NCAP pedestrian assessment.h@wrs in Paper Il, an A-pillar airbag gives
greater benefit in the method developed in thisitheompared to the Euro NCAP rating, while AEB
systems have a more limited impact. Currentlyesgwehicle manufacturers offer pedestrian AEB
systems on a variety of car models while only two models on the European market are equipped
with a pedestrian airbag. The current choices sfesy equipment might be linked to the Euro NCAP
rating. Equipment trends with AEB and pedestriabagis might reverse if the method developed in
this thesis were adopted as the basis for a vebidlty rating.

Paper VI showed that FCW systems can offer benefiitke same order as AEB systems. In Euro
NCAP’s 2016 pedestrian assessment, FCW systemshrdatonly marginally to the overall rating, as
part of the HMI score, while AEB systems are assgt$er their actual speed reduction performance
and account for the majority of points availabledooring. Again, were the method developed is thi
thesis the basis for a vehicle rating that guidgsicle design, priorities might change: FCW systems
would gain attention. If FCW systems are cheapan tREB systems, yet have the potential to offer
comparable benefits, vehicle manufacturers migataseincentive to implement FCW systems rather
than AEB systems.

The method presented here indicates that the de$igmders for head impact, and in general the
very front end of the bonnet, are less of a prdidr vehicle design as these areas are less Ithebe
hit than areas higher on the vehicle front. EuroARQgives equal weighting to all impact points,
whereas the integrated method is based on actyslcinprobabilities, revealing that those impact
points on the very front end of the bonnet have leuence on overall safety than the Euro NCAP
rating would suggest.

The integrated pedestrian assessment method dedelogre might also guide the future of
assessments for other road users, such as cyalists occupants. Addressing road user injuriel wit
active and passive safety technology is not spetifipedestrians; the need for integrated assessmen
to avoid sub-optimization and to achieve the badtrost efficient overall protection level is edual
important for other road users. Thus, the methoeldped for pedestrians might be adapted to other
road users, replacing input data and relationgpémtestrians with data and relations developed for
other road users.

46 Futureresearch needs

The hypothesis that comfort boundaries are an atdicfor acceptance of active safety system
activation should be confirmed in a subjective gtod driver acceptance of active safety systems
making use of predicted driver comfort boundariastheir activation timing. The acceptance could
not only be related to timing but also to type gétem intervention, with various warnings and
automated brake interventions, and to differentadrstates (attentive, distracted, etc.).

Further influencing factors for comfort boundariasvehicle-to-pedestrian encounters should be
studied. Results from vehicle and pedestrian speeelsented in this thesis should be extended to
lower and higher speeds. The influence of otheiofade.g. road width, eye contact, or priorityes)l
etc.) should be studied. This could provide guigafoc deciding on the earliest desired active gafet
system intervention.
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Driver reaction times were studied for distractetats in a pedestrian crossing situation with
different HMIs. Further studies should confirm thia¢se reaction times are valid for other scenarios
such as pedestrian encounters in longitudinali¢craff

Other limitations of the method presented here lshbe addressed in future work. For example,
further refinement of the assessment of currenttgsted and linearly related body regions, as asll
injury risk curves might increase accuracy. A metailed model to relate HIC with impact speed for
car structures other than bonnets and accountingdiboming out might be worth developing. Also,
injury criteria other than HIC might more accurgtetflect injury probability and might replace the
use of HIC in this method.

The method integrates hardware test results oldtdimaependently for active and passive safety
performances. In the future, it might be possilblealy on mathematical models and simulation to
obtain these test results independently or evamséomodels that allow the simulation of the whole
chain of events and truly predict integrated safe¢yefits. Research is needed to develop such
software.

The developed assessment method aims at predtbéngverall pedestrian protection offered by
vehicles more accurately than current test andgatrocedures. The integrated assessment method
relies on Euro NCAP test data of the “grid typef feeadform impacts introduced in 2011, and on
active safety speed reduction data, likely to beliply available from the introduction of VRU-AEB
assessment in Euro NCAP in 2016. Right now, notighdest data is publicly available to calculate
alternative assessment scores for a variety otleshand compare them with real-life injury outcome
Whether this new method relates assessment scares glosely to real-life safety outcomes than
current methods remains to be confirmed.
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5 Conclusions

A method to assess the integrated pedestrian saéeigfit of AEB and passive technologies has
been developed and presented (Paper Il). This metlewveloped from the concept outlined in Paper |,
is ready to use. Limitations are presented in 8ecti4. A Matlab program was created to calculate
the integrated benefit using separate test datadive and passive safety technologies as input. A
example of its use for the assessment of diffdexas of passive safety, an additional A-Pillabag,
and AEB was also presented (Paper IlI). It was shilvahan A-pillar airbag gives greater benefit in
the method developed in this thesis compared toEtim® NCAP rating, while AEB systems have
more limited impact.

Data necessary to model driver reactions to FCWensys was obtained in a Driving Simulator
study, showing that reaction rates and response tiam be improved when a short brake pulse is
added as a haptic warning to an audio-visual wgrmterface (Paper lll).

Based on this data, the method was extended tesass¢ only AEB but also FCW systems, and
illustrated the differences in performance of saVECW systems. It can be seen that both passive an
active safety systems have the potential to pregemhitigate pedestrian casualties with the actual
benefit depending on the baseline protection Igwathout system) and the systems’ specific
characteristics. The proposed integrated pedestiddiety assessment method can deliver such an
integrated, vehicle and system specific assessiREW in particular was shown to have the potential
to offer benefits comparable to those of AEB, whijgstifies proposing that FCW is assessed using
methods similar to those used for assessing AEBgiPél).

The assessed and quantified True Positive perfarejathat is casualty reduction in collisions,
needs to be balanced with driver acceptance. Anyathdriver would turn the system off, ignore it,
or not purchase it (again). Driver annoyance isljiko be linked to False Positive performance clvhi
is system activation in situations that would netessarily evolve into collisions. However, not all
False Positive interventions lead to annoyanceitaischypothesized that system activations timed to
occur after the individual comfort boundary has seds will not annoy drivers. These comfort
boundaries were quantified for pedestrian crossiftgations dependent on vehicle and pedestrian
speed (Papers IV and V). The comfort boundarieevadove 2 s TTC and thereby well above the
limits of an unavoidable collision. This impliesathrsystems aiming to reduce impact speed should not
intervene only when a collision becomes unavoiddilg earlier, to increase safety benefits without
jeopardizing driver acceptance. Besides simply figavihore time to brake, such intervention timing
can also help to familiarize the driver with thet®m and improve driver reactions.

These comfort boundaries can be used for the impbiiask of setting limits for acceptable
activation timing and to guide further False Pwsitiest procedures, complimentary to the developed
integrated assessment method.

| recommend implementing the integrated pedess&aiaty method in consumer testing to assess
the total benefit offered by any combination ofiaetand passive safety systems. The testing for
active safety should be expanded to FCW systemghwils straightforward when using driver
reactions quantified in this thesis as input taigimg robot triggered by FCW activation. Furthemap
False Positive tests should be implemented. Indkescenarios already in use for the assessment of
speed reductions, AEB and FCW system activatiororeetomfort boundary timing should be
discouraged. With these proposed activities impleett assessment could reflect more accurately
the total safety benefit offered by different sysseand aid proliferation of the most effective and
efficient system combinations.
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Appendix 1: Sensitivity Analyses

1.1 Sensitivity to assumptions for HI C mapping and non-tested areas

The integrated assessment method is used to daladsaualty cost for an example vehicle. The
assessment method in this thesis maps Euro NCAPdegs to a HIC map used for the calculation of
casualty cost. The details of the mapping procedapplied in Papers Il and VI are explained below.
Consequences of the mapping procedures are higddigifhese consequences are contrasted with
those from an implementation of an alternative nrapprocedure from the VERPS method into the
integrated assessment method. Casualty costs latdaded with this alternative method (“Paper VI
with VERPS mapping”) and compared to the methoggased.

The Euro NCAP headform test area with impact pam$epicted in Figure 9 (from Euro NCAP,
2015b). In the longitudinal direction, the impactais bound by WAD 1000 and WAD 2100 lines.
These WAD lines follow the vehicle front shape whimpact point are drawn laterally originating
from centreline without consideration of the frehtape. In consequence, apart from centreline, impac
points are not necessarily located on a WAD line.
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Figure 9 . Euro NCAP head impact test grid marking

The integrated assessment method assigns impaus goi WAD locations based on centreline
impact points. That means that all impact pointsr&ly from the centreline point are assigned the
same WAD. In Figure 9 therefore, only one poing ttentre point, is assigned to WAD1000; the
centre point and four points to left and right assigned to WAD 1100; and so on. At the upper test
area boundary, WAD 2100 is assigned to a totabgidints in a straight line. Notably, three poiois
the left and right of the vehicle are located abtwe straight line and are assigned WAD 2200, even
though no such centre point exists. In consequéeheajpper WAD limit for the integrated assessment
method will vary depending on vehicle shape andpartw of test points will consist of only a few
points exceeding WAD 2100.

The implications of this procedure of assigning WaDmpact points together with the procedure
of using only impact points which were assessedewslculated using the assessment method
outlined in Paper VI. Inputs to the method are Hi&lues for a vehicle’s front end structure
representative of a “good” Euro NCAP performancthaut any active safety system intervention. In
Figure 10, HIC values for impact points are depidtea top view (vehicle front to the left, increas
WAD to the right). “Green” areas with low HIC vakiean be found in the middle of the bonnet and
in the windscreen area; “red” areas are the A+gillgith assumed HIC 6000 and the vicinity of the A-
pillar with HIC 2000. Notably, there is only onestgoint on the vehicle front assigned WAD 1000
and only four test points assigned WAD 2200 onraewtt the A-pillar.
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Figure 10. Head Impact Criterion Map (input to assesment)

The relative distribution of resulting cost for Hemjuries for pedestrians calculated with the
integrated assessment method is depicted in Figlir&his representation of assessment results can
guide vehicle designers to areas that would bemedist (in terms of casualty cost) from design
changes. Notably, the bonnet area contributes littloverall head injury cost while the A-pillansda
in particular the highest point (at assigned WADD@2 contribute with over 16% each. For the
complete pedestrian population, A-pillars causentiagority (61%) of head injury costs.
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Figure 11. Relative head injury cost of the proposkassessment method (output)

If impacts on the windscreen for unassessed impaicts at assigned WAD2200 (as is done for
VERPS) are used as a hypothetical alternative itgppthie assessment method in this thesis, the total
head injury cost and distribution changes subsiiytiAs predicted impacts at WAD 2200 are
distributed over 15 points laterally instead of foaach of the original four points has a lower
probability of impact (changing from ¥4 of all pret#id impacts at WAD2200 to 1/15). The highest A-
pillar impact points are predicted to be hit leierm Compared to the calculation of head injurgtco
with the proposed assessment method (Paper VI, thetabsolute and relative contribution to head
injury cost decreases (Figure 12). The overall ipted head injury costs decrease to 69% of the
original total head injury cost, A-pillars contriieuwith 54% (down from 61%) and the contribution of
the two highest A-pillar impact points together @ase from 32% to 12%. Notably, the highest
contribution to injury cost comes from A-pillar pté at assigned WAD 2000 and 2100, rather than
those assigned WAD 2200.

There are some design implications. Practicallyjmprove scores in the proposed integrated
assessment method, it seems particularly effettivéhange the design of the A-pillars to include a
softer material towards the impact side or to altervehicle geometry so as to include more impact
points in the top WAD rank. Changes to the bonmed windscreen area appear to be of little
relevance. Using VERPS mapping, A-pillar changepeap likewise to be most effective, while
changes to bonnet and windscreen area get higleeanee. Changes to the vehicle geometry appear
to be not relevant, as hypothetical test resuktsagided to the highest WAD rank, ensuring that this
rank is not sparsely populated.
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Figure 12. Relative head injury cost map assumingiwdscreen impact (with HIC 475) at
unassessed impact points on WAD 2200 (hypotheticallternative assessment output)

1.2 Senditivity to variationsin the gender distribution

The assessment method in this thesis calculatesltasost for a pedestrian population consisting
of one third adult males, one third adult femabes] one third children. The representative heidht o
these populations are taken from United Kingdona datd used to calculate impact probabilities of
the head in terms of WAD dependent on vehicle imppeed as depicted in Figure 13. The relation
depicted is based on the THUMS and MADYMO simulat{Mottolaet al, 2013; paper Il). For this
population, casualty costs are calculated withntle¢hod presented in Paper VI and can be attributed
to certain areas of the vehicle as given in Fidurewhich depicts the assessment output for a kehic
representative of “good” Euro NCAP performance.

Impact probability by speed category

Impact Speed (km/h)

Wrap Around Distance (WAD)

Figure 13 . Probability of impacts at specific WADdependent on speed (assessment input)

If a hypothetical alternative assessment outconmelisulated using the method of Paper VI but
only for male adults with an average height of t#6 (standard deviation 70 cm), the tallest group,
overall casualty costs are about 17% higher conapiaréhe entire population. The importance of the
A-pillar is more pronounced compared to the conepfatpulation, with 78% of all head injury cost
resulting from A-pillar areas. The bonnet area eaysractically no head injury cost, as can be seen
from the relative distribution of resulting cost feead injuries shown in Figure 14.
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Substituting the pedestrian height distributiomhat of adult females with an average height of 162
cm (standard deviation 64 cm), the resulting oVexatualty costs are similar to those of adult male
and about 18% higher than the entire pedestriamilptipn. A-pillars again represent the majority
(61%) of head injury costs, but the highest poarts less dominant (9% each) (Figure 15). Finally,
changing the input height distribution to that éhildren, overall head injury costs drop to abdaf6
of that of the complete population, indicating ttie example car offers better protection for aleitd
than for adults. A-pillars account for 33% of childad injury cost and the bonnet area has a higher
relative importance compared to adults (Figure 16).

Relative head injury cost for given car structueesl impact areas therefore vary with gender
through different average heights. The effect isranpronounced when looking at larger height
differences, such as the difference between chmldmed adults. However, those vehicle front end
structures which need to be prioritized to reduasualty costs remain fairly stable for each geivler
isolation.
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Figure 14. Relative head injury cost map for adulimale pedestrians (hypothetical output)

0.69% 7.28% 8.15% 5.61% 9.26%

0.00% 0.00% 0.00% 0.01% 0.01% 0.07% 0.23% 0.61% 2.57% 2.43% 5.46%
0.00% 0.00% 0.00% 0.00% 0.01% 0.01% 0.03% 0.23% 0.61% 0.54% 0.23%
0.00% 0.00% 0.00% 0.00% 0.01% 0.01% 0.03% 0.11% 0.61% 0.54% 0.23%
0.00% 0.00% 0.00% 0.00% 0.01% 0.01% 0.03% 0.11% 0.61% 0.54% 0.23%
0.00% 0.00% 0.00% 0.00% 0.01% 0.01% 0.02% 0.11% 0.61% 0.54% 0.23%
0.00% 0.00% 0.00% 0.00% 0.01% 0.01% 0.02% 0.11% 0.30% 0.16% 0.23%
0.00% 0.00% 0.00% 0.00% 0.00% 0.01% 0.01% 0.02% 0.03% 0.30% 0.16% 0.23%
0.00% 0.00% 0.00% 0.00% 0.01% 0.01% 0.03% 0.11% 0.30% 0.16% 0.23%
0.00% 0.00% 0.00% 0.00% 0.01% 0.01% 0.03% 0.11% 0.61% 0.54% 0.23%
0.00% 0.00% 0.00% 0.00% 0.01% 0.01% 0.07% 0.11% 0.61% 0.54% 0.23%
0.00% 0.00% 0.00% 0.00% 0.01% 0.01% 0.03% 0.11% 0.61% 0.54% 0.23%
0.00% 0.00% 0.00% 0.00% 0.01% 0.01% 0.07% 0.23% 0.61% 0.54% 0.23%

0.00% 0.00% 0.00% 0.01% 0.01% 0.07% 0.23% 0.61% 2.57% 2.43% 5.46%

0.69% 7.28% 8.15% 5.61% 9.26%

Figure 15. Relative head injury cost map for adulfemale pedestrians (hypothetical output)
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Figure 16. Relative head injury cost map for childpedestrians (hypothetical output)
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Appendix 2: Definitions of False Positive activatino

Safety systems may or may not be activated, asdaittivation may or may not have been called
for. Therefore, safety system activation can berpreted as a traditional classification problerthwi
combinations ofarget (“was activation called for?”) anclassification(“was the system activated?”)
as illustrated in Table 6.

Table 6. Classifier evaluation. Traditional definiion adopted from Martinez and Martinez
(2008) on white background, addition from Otubushin(2011) on grey background

Classification

Yes No

w -y . .
= L | True Positive| False Negatiye
2
@ ;
[ Near Miss ]

> —1 True Negative

False Positive

More specifically, the traditional classificatioroplem defines the four outcomes as follows:

e True Positive: A target case is correctly clasdifis target

« False Positive: A non-target case is incorrecthgsified as target

e True Negative: A non-target case is correctly dfizgsas non-target
« False Negative: A target case is incorrectly cfasbsias non-target.

Interpretations and modifications have been prappasanake use of the classification scheme in
pedestrian safety research which are discussedbelo

Helmer (2014) interprets the traditional classtiiza for active safety systems aiming to protect
pedestrians such thelkassificationis defined asystem actiomndtarget asdangerous situationAn
unambiguous definition especially of tharget, was not achieved; a footnote adds that “no gelyeral
accepted or universally applicable definition ofngierous’ exists”. False Positive activation is
therefore defined as the system acting as if iazatdous situation while objectively being in a non
dangerous situation.

Otubushinet al (2011) note that “near miss” False Positive attbn might be acceptable to
drivers, and introduced “near miss” as a fifth gaty to the traditional classification. Najet al
(2006) defined “near crash” which appears to redeghe same situation as “near miss” in Otubishuin
(2011). A “near crash” is a situation requiring dhasteering or braking at the last second. The
difference between a “near miss” or “near crashd arfdangerous situation” is not obvious, and the
definition therefore remains vague.

Lees and Lee (2008) categorise warnings in theethlimensionsPerformance processand
purpose Performancedescribes the objective ability of the systemitbthe driver, rated as “useful”
or “nonuseful”.Processdescribes the systems operation in respect tsubjective expectation of the
driver, rated as “predictable” or “unpredictabl®urposedescribes the systems operation in relation
to the designer's objectives and is rated as “bei or “unintended”. Systems falling into the
different categories and the consequences areiltieden Lees and Lee (2008).

Kallhammeret al (2014) noted that an ex-post definition regardimg occurrence of a collision
event is problematic since successful system iatgion — preventing a collision — turns out to be a
False Positive intervention. False Positive dating reviewed were ambiguous but congruous in that
the usefulness of an alarm, dependent on contektdamer perception, is more important than its
classification as true or false.
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Active safety system activation aims at avoidinglions or mitigating their severity. Thus, it
seems opportune to defitergetin relation to the occurrence of a collision. Apie definition based
on a collision event ex-post &arget, however, would not take any collision avoidance tluean
activation of an active safety system into accoAntevent in which an effective system succeeded in
avoiding a collision would be classified as a F&ssitive activation, while an event in which asles
effective system, activated under the exact sameirostances, failed to avoid a collision would be
classified as a True Positive activation. Thugplpse that a better basis for the definitiotanfetis
to reference the time of system activation rathantsubsequent events or outconfesgetcould be
defined as the certainty of a collision withoutteys activation at the time of system activationis|It
assumed that the probability of a collision, this® #he certainty, can be calculated objectively.

For thesdarget cases, i.e. those cases where a collision witkggtem intervention is certain at
the time of system intervention, interpretationcofrespondinglassificationseems straight forward.
System activation - that is True Positive activatios intended, predictable, and useful. No system
activation - False Negative activation - is untehdenpredictable, and nonuseful. There is littkeson
to believe that any stakeholder would prefer aesystot to activate in this situation for the system
work as intended, which is to avoid collisions dtigate their severity.

True Negative and False Positive definitions nesepdr consideration.

Kallhammer (2011) argues that since collisions, eodsequently True Positive alarms are rare,
drivers will not be able to react efficiently to alarm. It is suggested that it is better not terapt to
eliminate all false alarms, but to design themearteaningful with respect to driver acceptancesd-al
alarms may not only be acceptable but even reqtimethe system to be able to aid the driver. This
links Processand Performance A “predictable” and meaningful False Positive aativn makes a
system “useful”. Following this argument, False iB\s activation is separated into “useful” and
“nonuseful” in Table 7.

True Negative activation also needs to be furtheided into “predictable” and “unpredictable”
from the perspective of driver acceptance. As Alé Richardson (2006) note, drivers might expect
an alarm in a certain situation where a collisisrstill avoidable, do not get it, conduct an evasiv
manoeuvre, and perceive the True Negative everd Balse Negative. These True Negative but
“perceived false alarms” (Wheel@t al, 1998) lead to reduced trust in the system. This,
“predictable” system that meets driver expectatiovif turn into a “useful” system and the
“unpredictable” system will turn into a “nonusefdystem as categorized in Table 7.

Table 7. Active Safety system activation evaluatioscheme. “Useful” activation on grey
background, “nonuseful” activation on white background.

System activation
Yes No
[} . .
e N True Positive False Negative
S0
o v s
> O
e 0= Useful Useful
o 3.2 False Positive | True Negative
2 23| o
o5 ® 2
o Nonuseful Nonuseful
False Positive | True Negative

48





