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Integrated pedestrian safety assessment methodology

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

Abstract

Pedestrian fatalities and injuries are a concermamy regions. Passive safety assessment is well
established, and additional active safety assesdnasnrecently emerged. However, assessment methods
reflecting on the interaction between active andspa safety do not exist in regulatory or consumer
testing. An integrated safety assessment that akesideration to the information gained by actaéety
evaluation and modifies the passive safety assessaecordingly is needed to reduce pedestrian
casualties effectively and efficiently. Such aneassnent can guide the development and proliferation
vehicles offering the greatest benefit in termgotdl safety offered.

The goal of this thesis is to contribute to theadlepment of an integrated pedestrian safety assggsm
methodology. Firstly, conceptual work identifies/kesues and a way forward for the assessmentusf Tr
Positive performance, which is predicted injuryuetibn in test conditions in which safety systenesta
be activated.

Secondly, False Positive test procedures are camesldo provide guidance on balancing between True
Positive performance and False Positive driver gance (activation of automatic emergency braking of
forward collision warnings in test conditions in ialh safety systems are not meant to activate Igaiin
driver mistrust and switched-of systems). To dadsiwer comfort zone boundaries for pedestriansinas
situations are quantified indicating the transitjpeint from normal situations to uncomfortable dry
situations in which the driver will take correctiaetion. This data can be used to differentiatevben
desiredand undesiredFalse Positive activation, which in turn can higlgdesigning False Positive test
procedures.

A concept for the development of an integrated pede safety assessment methodology is presented
in Paper |. Further work is needed to collect datefacilitate the design of a usable and accurate
assessment method from this concept.

Comfort zone boundaries for pedestrian crossingdns were quantified in Papers Il and Ill. Time-
To-Collision (TTC) had comparably low variation ime driver population in two complimentary studies
on both a test track and in a driving simulatore Bomfort zone boundary TTC was independent of the
car’s travelling speed but depended on pedestriassing speed. The 90 percentile value for TTQat t
comfort zone boundary for 1 m/s pedestrian speexiZia s in Paper Il and 2.6 s in Paper lll. Thaieal
for pedestrian speed of 2 m/s was 2.2 s TTC idedtifi Paper llI.

The methodology as suggested in this thesis raliesthe testing of active safety systems in
representative scenarios, and testing of passietysaith impactor tests. Thus, any limitations lwthe
test procedures for active and passive safety, agchnrealistic reflectivity of test targets orWaaf
biofidelity of impactors, will have its impact ohe integrated methodology.

Keywords: pedestrian, assessment, integrated safety, Fassgve, Forward Collision Warning, driver
behavior, comfort zone boundary
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1) Introduction to pedestrian safety

a) Epidemiology (accident and injury types)

Pedestrian fatalities and injuries are a concenmamy regions that needs to be addressed. In the
European Union (EU-24), 20% of all fatalities in1POwere pedestrians (Pace et al., 2012). In the
USA, pedestrians accounted for 14% of all fataditie 2012 (NHTSA, 2014). In Japan 2010,
pedestrian fatalities represented the highest ptiopoof fatalities among all means of transporthwi
35% (ITRADA, 2012).

Passenger cars are the dominant collision partmepddestrian fatalities: 46% in Japan 2010
(excluding mini-sized cars; ITARDA, 2012), 44% inet USA 2012 (NHTSA, 2014), and 65% in
Germany 2010 (Wisch et al., 2013). Protection afgstrians offered by passenger cars is, therefore,
of importance.

A majority of pedestrian fatalities occur in darkse51% in the EU 2010, 70% in the USA 2012
and 69% in Japan 2009 (Pace et al., 2012; NHTS24;20ARDA, 2011). Considering not only fatal,
but also seriously injured pedestrians, a majaftinjuries are sustained in daylight condition%®
in the UK, 2008-2010 and over 60% in Germany 200862(Wisch et al., 2013).

Most pedestrian causalities involve a vehicle mgwtraight ahead, and a pedestrian crossing the
road (Yanagisawa et al., 2014, Wisch et al., 20IBRDA, 2012). Exact numbers depend on the
region and injury severity under consideration. &Niset al. (2013) developed 6 distinct accident
scenarios with weighting factors (proportion of gwenario compared to all accidents at the spdcifie
injury severity “Killed and Severely Injured (KS|)"Fatality” and “All Casualities”) for Europe as
presented in Fig. 1. Fig. 1 accounts for about %%ll accidents involving pedestrians; additional
scenarios account for the remaining portion of gais. For the USA, Yanagisawa et al. (2014)
indicated 4 priority scenarios. Fig. 2 depicts éhesenarios with corresponding fatality rates.

. - Crossing straight road, near-side, no . 13% 11%
obstruction
2 — Crossing straight road, off-side, no o/ 17% 9%
obstruction
AL Crossing at junction, near- or off-side, _, 0 9
3&4 "'m : vehicle turning or not across traffic o% 2 o
i Crossing straight road, near-side, with o, 2% 3%
[ 0 obstruction i 0 0
3 1 Crossing straight road, off-side, with . 204 3%
— obstruction ’ 0 0
. Along carriageway on straight road, 8% 10% %
@m a4 no obstruction ’ 0 O

Fig. 1: European accident scenarios adopted frosth\ét al. (2013)
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Scenario 3 (S3) Scenario 4 (S4)
Fatalities | %Fatalities
S1 [Going Straight & Crossing Road 7,548 64%
S2 | Turning Right & Crossing Road 59 1%
S3 [Turning Left & Crossing Road 141 1%
S4 |Going Straight & Along/Against Traffic 2,888 24%)
OTHER SCENARIOS 1,156 10%
Total 11,792 100%

Fig. 2: US accident scenarios Yanagisawa et al4p0

Looking at in-depth studies of injuries sustainegédestrian accidents the importance of various
body regions and vehicle areas can be identifiedstNevere injuries are to the head, followed by
chest injuries (including thorax, abdomen and gpeed lower leg injuries. These findings were
obtained using German GIDAS data (Liers and Hantgwa2009; Liers, 2010; Fredriksson et al.,
2010), the French Rhéne Trauma Registry (Martialet2011) and US CIREN data (Mueller et al.,
2012). Exact numbers differ with study design apiated in Fig. 3. For example, Liers (2010)
sampled pedestrian accidents with the vehicle fodnpassenger cars at impact velocities up to 40
km/h while Fredriksson et al. (2010) excluded Spddtility Vehicles but included all impact
velocities, regions and injury severity studiedids®s at different injury severities measured agicoy
to the Abbreviated Injury Scale (AIS) are presented-ig.3. Higher AIS levels indicate a higher
probability of not surviving the injury. The scadgtends from 0 (no injury) to 6 (untreatable) (AAAM
2008). A “+” as in AIS2+ indicates that injuriestae AIS 2 level and higher were studied.

With increasing injury severity, head injuries gaimportance, and injuries to the extremities lose
importance, as these never (lower leg, upper exygor rarely (pelvis) exceed the AIS3 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 (laecsHannawald, 2009; Liers, 2010; Fredriksson et
al., 2010; Mueller et al., 2012).



50 OlLiers et al. AIS2+ A

OLiers AIS3+
T A Fredriksson et al. AIS3+

40 ® Martin et al. AIS2+
.5 GMueller et al. AlIS2+
g 301
c=5 a [—
° 20+ o
>

10 -+ __

0 T T T T

Head Chest Arm Upper Leg Lower Leg
Fig. 3: Injury frequency by body region

b) Possibilities for protection of pedestrians

Reduction of pedestrian casualties can be achigwedgh improved traffic design, including road
design, vehicle design (as collision partner), getve devices (e.g. helmets) and education (DaCoTa
2012). Ideally, this is done with considerationinterdependencies, and with a well-defined goal as,
for example, in the Swedish Vision Zero approaahdVall and Haworth, 1999; Trafikverket, 2012).

Road design measures may include setting apprepvigticle speed limits and enforcing them,
creating safe walking routes separated from ottadfid, and safe crossing facilities. Education can
improve skills and behavioral patterns. Vehicleigiegplays a role for those collisions where a vighic
is the collision partner of a pedestrian. Desigrasuees may include energy absorbing car fronts, and
under-run protection on trucks (Wittink, 2001). Biktd descriptions on how vehicle design can be
modified to improve predicted pedestrian protectan be found, for example, in Bachem (2005) and
Lawrence et al. (2006) focusing on passive satbigt is, design of energy absorbing structures to
mitigate injury outcome during the collision andntact phases, or Fredriksson (2011) exploring
passive and active safety impact, thereby alsadnay technology for impact speed reduction proor t
a collision. This thesis focuses on the assessofesuich pedestrian protection offered by active and
passive safety systems of vehicles

More precisely, the aim is to assess passive sagetye ability of frontal structures of a vehicle
likely to be impacted by a pedestrian to mitigatguy outcome (thereby, for example, excluding
reversing and run-over injuries) and active safetythe ability of systems to reduce speed pria to
collision, including automatic systems (AEB) as mad systems warning the driver of an imminent
collision, and achieving speed reduction by meandriwer initiated braking (possibly with brake
assistance). Beyond the scope of this thesis areximple, systems that aim at reducing the number
and severity of collisions by supporting the drivelnien no collision is imminent, such as fatigue
monitoring or night vision enhancement. Furthestems that do not aim at reducing speed prior to
impact but instead at avoiding collisions by othezans are not within the scope of the thesis. An
example for such technology is automatic steerdamie, aiming at steering around a potential
collision partner (Toyota, 2013). Speed reductiod ather technology seems to be fundamentally
different, as speed reduction is likely to mitigatgury outcome even if the collision cannot be
avoided altogether (the possibility of changing atiplocation and increasing probability of injury
will be discussed later) while the mitigation pdtehof, for example, “partial” steer avoidanceatlis,
steering but not avoiding a collision, is less olog.



c) Assessment of pedestrian safety offered by vehicles

There are many ways of assessing pedestrian pootasffered by vehicles: a first categorization
can be made depending on whether protection isiestucetrospectively on real-world data or
predicted in a prospective study design.

Real-world data and accident research in retrob@estudies can provide general trends, such as
reduction of pedestrian fatalities compared to otmedes of transport. Effects of safety systems
widely employed in the vehicle fleet can also bhadsd in terms of accident avoidance and injury
mitigation. Assessment of pedestrian protectionaf@ingle vehicle model is generally not possible
due to scarce data, or at least not available senieral years after market introduction.

Test methods for predicting pedestrian safety @oabegorized according to the type of test object
impacting the vehicle: Schmitt et al (2004) propbdre categories: Human volunteers, human
cadavers (Post Mortem Human Subject, PMHS), anjnma¢échanical human surrogate models and
mathematical models. For pedestrian safety assessmmechanical human surrogate models and
mathematical models are in use, and briefly disdigelow. Mechanical human surrogate models are
further divided in subsystem hardware impactorresgnting a specific body region and full body
representation. Further, safety assessment isedividto the collision phase being studied: Active
safety for reduction of collision probability and/oollision severity so that injury probability is
reduced in the phase prior to contact, passiveaystfethe contact phase and integrated safetyher
assessment of pedestrian protection both prior dunthg the contact phase. Post-crash safety,
characterizing measures after the collision hageénid beyond the scope of this thesis, and further
differentiation of active safety into phases acouydto activation time prior to a collision is
unnecessary.

For passive safety, models of either a complete looc specific body region are used to impact a
vehicle. Model response is measured and assocvatbedthe probability of sustaining injuries. In
regulatory and consumer testing of pedestrian ptiote, hardware tests of specific body regions are
used to rate impactor response against desirecteptable levels of injury probability.

For active safety, consumer testing commonly tghase on a test track using various models of
the collision opponents (targets) to trigger a oasg from a vehicle under assessment. The abilay o
system to avoid collision or reduce impact speegdtisd against a desired level of collision avoian
and speed reduction.

Integrated safety assessment procedures aimingedicping pedestrian protection offered by the
combined active and passive safety performance sgegific vehicle have not yet been applied to
regulatory or consumer testing, and is the topithisfthesis.



i. Retrospective assessment

Assessments of the protection of car occupantseaffby specific vehicles in retrospective studies
have been established and are presented, for exaimpliautzinger (2006). The Folksam crash safety
rating for passive occupant safety is publishedhrmially on their website (Folksam, 2013). For
pedestrian protection, a retrospective study te sgiecific vehicles was concluded (Delaney et al.,
2006), but no recent ratings are available.

The effects of safety devices are difficult to e8&h since vehicles hardly ever differ in only one
specific feature. For example, one might want taldish the effect of an active hood. A vehiclehwit
an active hood might create additional deformatioam when deployed and thus reduce injury
probability compared with the same car with an yholged active hood. However, the same car is
hardly ever equipped both with and without an a@&thood. The benefit will only be evident
comparing the same car (the same under bonnetanlegr with and without an active hood.
Comparing vehicles with an active hood in genegdirst vehicles without this device might not
reveal any safety effect, since those vehicles dbahot create additional deformation room through
bonnet deployment might provide exactly the sameuwrn of deformation room as the deployed
bonnet through a different design, without the nieedleploying the hood. To study the benefit of an
active hood, one might need to stratify for defaioraspace prior to deployment, which seems to be a
rather complicated endeavor. Hypothesized to relatavailable deformation space, Pastor (2013)
found engine size to have an effect on pedestrategtion: The larger the engine, the higher the
probability of injury. This example of an activedwbillustrates how confounding factors complicate
establishing safety benefits for specific technglddaving firmly established benefit (see for exdenp
Rizzi et al., 2014 on car-to-car AEB benefits), amaild advertise such beneficial technology and
ensure that assessment methods reflect this ben#iir scoring systems.

Retrospective assessment requires data from plisiccs to be accessible. For a specific car
model, sufficient data may not be available unglass after its introduction, if available at all,
depending on sales volume and number of report@deinces. Thus, prospective assessment methods
appear better suited to establish pedestrian giateoffered by new cars, which is the focus obthi
thesis. Still, retrospective analyses have an itapbrrole to play for prospective assessment. Past
predictions of protection offered by cars need éovalidated against real-world accident data of
collisions that occurred with these cars to enslugie prospective assessment measures relevant safet
improvements.

The Euro NCAP pedestrian rating has been used asierator for overall protection provided by
a vehicle in relation to real-world injury outcoméehicles with a high star rating were found to be
associated with a lower probability of injury ri€Rtrandroth, et al., 2011; Pastor, 2013). Evendhou
Liers (2009) noted that “vehicles with equal EurGAP pedestrian ratings (point scores) may have
great as well as small real-world benefits”, thedENCAP pedestrian score is an important indicator,
and currently the only property of a vehicle inpest to pedestrian protection used in the Swedish
requirement for state operated cars (SFS, 2009) Falkkam’s new car buyer recommendations
(Folksam, 2014).



ii. Prospective Assessment

1. Passive Safety

Regulation and consumer testing is conducted withsystem hardware impactors: A physical
model of an adult’'s head, a child’s head, a lovegy &nd an upper leg impacts the vehicle under
assessment. Notably, a chest impactor is not in wkide the chest is among the most commonly
injured body regions (see section 1.a). An overviawprocedures can be found in Carhs (2014).
Details on test procedures can be found in EEVOZP0Euro NCAP (2013a); Euro NCAP (2013b);
JNCAP (2013); JNCAP (2014a); INCAP (2014b); EC @0pand EC (2009b). The validity of a test
depends on its biofidelity regarding impact kineicgtind injury assessment, and is usually debated
for each test. Biofidelity has been particularlyegtioned for the European Enhanced Vehicle-Safety
Committee (EEVC) Working Group (WG) 17 upper legttlEEVC, 2002) (Cesari, 2008; Hamada et
al., 2005; Snedeker et al., 2003).

Subsystem hardware impactor tests have the adwanfdgeing repeatable (Lawrence, 2005), but
cannot replicate full body kinematics, such asittleience of lower leg impact on upper leg impact
conditions noted, for example, by Saez et al. (20RRysical models of a full pedestrian body, sash
the Polar dummy, can replicate full body kinemafidkiyama et al., 2001). However, to cover the
entire area of possible impacts, a large varietguwwhmy sizes and test configurations must be used.
Tests are less reproducible and not currently irseegulatory and consumer testing.

Virtual models for testing exist in addition to @gal models. These include Finite Element (FE)
models of the hardware impactor, of human bodyoregyior full human body models as well as rigid
multibody models. The advantage of FE models is ¢haariety of measurements related to injury
generation can be obtained (e.g. plastic straitfjout causing physical damage, thus can be faster a
less costly than testing with physical models orH8J As for hardware tests, the validity of a test
depends on biofidelity regarding impact kinematicsl injury assessment. The Total Human Model
for Safety (THUMS), an FE full human body modeitslatest Version 4 has been validated to some
extent (Watanabe et al., 2012) and has been exédnsised for research, but is not used in regoyato
and consumer testing except in assessments of yadybdo bonnets in Euro NCAP (Euro NCAP,
2013b). Virtual testing with FE models of the haadevimpactor has been introduced for regulation,
but has not as yet been widely applied (Egger§,e2@l3).

Since this thesis is intended to be applicablecttsumer and regulatory testing, it focuses on the
assessment of passive safety using subsystem hardan@actors.

2. Active Safety

Collision speed has a major influence on pedesinpmy probability, the relationship has been
established independently from different datadees/is, 2001; Rosén and Sander, 2009; Rosén et al.,
2010; Tefft, 2011). Active safety for current pedi@s protection mainly concerns systems warning
the driver of an imminent collision, and applyingkes automatically to reduce impact speed. Ideally
the collision is avoided altogether. Consequerdlyyent assessments measure a system’s ability to
reduce impact speed in pre-defined collision séegaand scores against desired speed reduction
(Euro NCAP, 2014; AEB Group, 2011; Niewdhner et2011, ADAC, 2014).

In current assessments, tests are conducted asdrartksts, i.e. a real vehicle approaches a test
target on a test track, using a driving robot totoa the vehicle (Lemmen et al., 2013). In most
assessment schemes (Euro NCAP, 2014; AEB Groupl; 28DAC, 2014) only speed reduction
performance of the automatic braking is assessely. \BSS (2012a) developed a protocol to assesses
the speed reduction achieved by a warning systeuiriing robot brakes after a warning is issued,
and a specified time representing driver reactiore thas passed (1 second in VFSS 2012a) as an
alternative to automatic brake activation by thetem.

In some assessment schemes, an additional, indatescbre is given for a timely warning, but
there is no direct relation to the speed reductionieved. Euro NCAP plans to rate warnings given



prior to 1.2 s Time To Collision (TTC) as positifguro NCAP, 2014). Also, ADAC rates system
warnings, but the criteria are unclear (ADAC, 20IPgchnologies such as steer avoidance (Toyota,
2013) or adaptive illumination (systems that inseeaight time visibility by adapting the illuminati

area to road geometry “curve light”, systems thddpd to other traffic participants by automatically
balancing illumination strength and glare, or systethat adapt to hazard levels by indicating
imminent or potential collision objects with a dpyit) are currently not assessed. Further resdarch
needed for the assessment of systems not aimaugi@natic speed reduction, such as warnings, steer
avoidance and adaptive illumination. As warningeys are already available on the market, the need
to develop quantitative assessment proceduresctiefiereal-world benefit in injury reduction is
urgent.

Seiniger et al. (2013) defined desired speed remlubly what is thought to be technically feasible,
and developed a simulation environment to alloviuair testing of systems in specific collision
scenarios. Various approaches for simulation divactafety systems for pedestrian protection have
been developed. These might be classified accotditige data used to create traffic situationseo b
studied for the effect of active safety systems.

The first approactsingle accident reconstructiorelies on a description of the traffic environmen
and the paths travelled by vehicle and pedestnacollisions provided by a database, such as the
German Pre-Crash Matrix (PCM) Erbsmehl (2009). Eafciihese accidents is then reconstructed in a
simulated environment allowing replication of thecident with and without the active safety system
under study, and established the comparative ingpagstem has on the collisions. The active safety
system is usually a simplified model of the readtsyn including sensors, logic and actuation. This
approach has been successfully employed, for exanipt Rosén (2013) using PCM data and
Anderson et al. (2012a) using in-depth data cakbtty the Australian Centre for Automotive Safety
Research.

The second approactiraffic simulation creates paths of the vehicle and pedestrian from
characteristic parameters of the traffic environtm@naccident data. Thus, both accidents and non-
accident situations are simulated. Regions for lvhiatabases with pre-crash paths are not available
can be simulated, which enables an analysis aftpact of active safety technology on traffic exent
not involving a collision. Examples of the appliocatof this method for different geographical regio
can be found in Lindman et al. (2010), Teraokd.€2813), Tanaka and Teraoka (2014), and Helmer
(2014).

For either approach the key issues in achievindy hglidity are the replication of important
characteristics of the traffic or accident scersetfon 1.a) and the active safety system including
sensors, logic and actuation. While simulation apphes are appealing in terms of the simplicity of
obtaining results, once the model is validateds ithallenging to establish model validity. Use in
regulation and assessment are further complicagethd fact that these bodies might not have the
information required to model a system or to juitgevalidity. Virtual assessment for active safety,
similar to passive safety, is not expected to baelyi applied in regulatory and consumer assessment
of pedestrian protection within the near future.

Active safety assessment is a field in rapid dgualent consisting of divergent methods. Most
approaches measure only speed reduction. Pasdety aasessment, on the other hand, commonly
measures impactor responses and relates themuity ipjobability. Further research is needed to
define a common metric for vehicle specific assesgnof active and passive safety features, and to
model interaction between active and passive sééetiyires such as the shift of impact location with
reduced speed and its consequences for injury pildipanoted, for example, by Matsui et al. (2011)
and Watanabe et al. (2012). A truly integratedtgadesessment can only be obtained when modeling
this interaction.



3. Integrated safety

While passive safety assessment is well establighaggulation and consumer testing, active
safety system assessment has only recently emdigad) a systems perspective of the road transport
system, an integrated safety approach is needecdoce pedestrian casualties effectively and
efficiently. Yet, integrated safety assessmentssessments that take into account information daine
by an active safety functionality evaluation anddifiothe passive safety assessment accordingly, are
not applied in regulatory or consumer testing. Samtegrated assessments based on computer
simulations have been proposed (e.g. Kompass, 20d@;et al., 2014). Assessments incorporating
the established subsystem hardware impactor tgth,as a leg impactor test, seem to be more likely
to be adopted in regulatory and consumer testimdj aae presented in the following subsections.

a. VERPS

An early method for integrated safety assessmieatso-called “Vehicle Related Pedestrian Safety
- index” (VERPS-index), has been proposed by Kithal.g2005), Kiihn et al. (2007) and was further
developed by Hamacher et al. (2011) and Hamachat. €2013). This method initially focused on
differences in body kinematics for different vebighapes, but was later expanded in an early dttemp
to calculate injury probability for head impactséed on either active or passive safety features.

The VERPS-index was originally defined as followsir a given accident scenario impact areas
are defined by numerical simulation for each cab¢éoassessed. These areas are then assessed by
component tests, resulting in an injury criteriorasurement. This measurement is transferred to an
injury probability. The index is calculated by wkigg the injury probabilities of the impact poirits
the whole vehicle front according to impact likeldd (Kihn et al., 2005).

To assess the benefit of active safety devicegmpact speed of 40 km/h is assumed and tested.
Impactor responses at additional test speeds B@B53km/h) are estimated to approximate the effect
of active safety speed reduction on the impactgpaase. Injury probability is calculated for impact
speeds after an active safety intervention. Thimgnikatic changes due to impact speed reduction can
be included. Final results are weighted for différaccident scenarios with their respective speed a
injury reduction. Further, a separate index for doweg protection is added to the assessment
following the same logic as for the head (Hamaeiail., 2013).

While this integrated method brought forward theaief vehicle specific impact point distribution
together with component testing, it has severaitditions. This method arbitrarily chooses an injury
severity level (AIS 3+ level) (KUhn et al., 2005aidacher et al., 2013) to measure the benefit of any
active or passive safety technology. That meartsipaies at lower injury severity are not expligi
considered (AIS2 risk might however correlate Witls3+ risk) and, more importantly, that no further
differentiation of high to maximum severity takelage. The risk curves presented reach a 100%
probability of an AIS3+ injury at an HIC of approxately 2500. Thus, a reduction from HIC 5000 to
3000 will indicate no benefit at an AlIS3+ level, ilghsome benefit can be expected for the highest
severity injuries (Injury risk curves e.g. from NBA, 1995 or Matsui, 2004). Further, the method
does not assess body regions other than the hahdowaer leg, and does not combine results.
Furthermore, the calculation of the index is coridd@at one test speed only (which may or may not
be reduced by active safety systems), which isvddrirom accident data, but cannot account for
trade-offs between different test speeds. Finalhgertainty is not explicitly modeled.



Searson et al. method

This assessment method focuses on evaluating pedestfety for head impact at all possible
impact speeds (Hutchinson et al., 2012; Searsal.,eR012a). Impact frequencies are taken from
accident analyses. The injury measurement fromnapooent test, in this case the HIC value from a
headform impactor test, is initially obtained faneotest speed. Then, using a spring-mass-damper
model from Searson et al. (2010), it is calculated all other speeds. Thus, information for the
bottoming out depth can be taken into consideratrstimate a steeper increase in HIC values
beyond the calculated bottoming out speed (Seagsal., 2012b). The HIC values for all impact
speeds are then transferred to injury probabiikgmplified at the AIS3+ and AIS6 levels. Finalhet
injury probability is aggregated over impact speedstive safety is considered by modifying the
impact speed distribution over which injury probi#pis aggregated according to reductions achieved
by automatic emergency braking systems (Andersah,e2012b; Searson et al., 2014).

This method explicitly models the influence of batttive and passive safety systems on head
injury outcome. Further, the method accounts faderoffs between different impact speeds.
Therefore it can assess variations in pedestrietystor speeds other than the test speed. However,
some limitations exist. The test area is takenxasrially defined, and kinematic changes due to
active safety intervention have not been modeledyBegions other than the head are not modeled,
nor does the method model uncertainty.

b. PreEffect-iFGS

A method called PreEffect-iIFGS to assess the comdbieffects of active and passive safety
features for all body regions of a pedestrian feshdescribed by Schramm (2011) and Roth and Stoll
(2011) as depicted in Fig. 4.

The benefits of passive safety technology are atled as the reduction in injury probability at a
chosen maximum injury severity (MAIS) level comphte a reference car. The base passive safety
performance is taken from Euro NCAP test resultereg impact speed (40km/h). The reduction in
injury probability for passive safety is calculatbdsed on the “injury-shift method” developed by
Liers and Hannawald (2009). Active safety bensfii$sessed as the MAIS risk reduction obtained by
the speed reduction estimated using simulation teodiee corresponding risk reduction is calculated
using global (not body region specific) injury rigturves from GIDAS. The outcome is the
effectiveness of a combination of active and passisstems to reduce injury risk at a MAIS level.
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The main advantage of this method is that it cosengeral body regions; those currently being
tested by Euro NCAP taking the relevance and impautt distribution as proposed by Euro NCAP.
However this method also has its limitations. Theice of injury severity level and the reference ca
performance is somewhat arbitrary, and benefits @lkeulated at one reference speed only.
Additionally, the “injury-shift method” lacks valation and a loss of information occurs when
combining local (head, upper leg, lower leg) injuisk to a global MAIS risk for passive testing.eTh
depicted injury risk curve (at MAIS2+ level) indieal a substantial injury risk at zero velocity, @i
is explainable from the data and method used blikaly to accurately represent reality. As for the
other methods, uncertainty is not explicitly modele

4. Outlook

There have been substantial changes to the assegssrthemes for pedestrian safety in recent years,
and there is no reason to believe assessmentsb&glbme static in the future. New test tools,
technology and priorities for society, among otheil continue to trigger updates and modificagon
to the assessment procedures.

JNCAP, for example, fundamentally modified thesessment of pedestrian safety in recent years.
Starting with an assessment of the head only, arldeg test was introduced in 2011 (JNCAP, 2013)
and a rating for a pedestrian automatic emergeraiyel(AEB) is being considered for 2016 (JMLIT,
2014).

Euro NCAP also changed the test tools: The childdfem impactor mass changed from an
impactor with a mass of 2.5 kg to one with 3.5k@009. The lower leg impactor type is intended to
change in 2014, and modifications to the upperitegactor are planned for 2015 (Euro NCAP,
2013c). Further, test procedures were modified:efv way of defining impact locations, the grid
procedure, was introduced in 2011. For active gatetating for Vulnerable Road User (VRU) AEB
systems is scheduled for introduction in 2016 (EN@AP, 2013c).

An integrated safety assessment is needed to acfaywsystem interactions and reduce pedestrian
casualties more effectively and efficiently. Proime, offered by active and passive safety systasns,
rarely independent. At least to some extent theesamuries are addressed and the active safety
intervention will influence the passive safety peniance. Impact kinematics may change, resulting in
a higher or lower predicted probability of injuridtsui et al., 2011; Watanabe et al., 2012).
Fredriksson and Rosén (2012) have calculated tleetieness of active and passive safety in a
separated as well as in an integrated approackef@re head injury protection for pedestrians. This
issue is certainly well known and not restrictegbéalestrian protection. For example, Strandrotl. et
(2012) addressed the problem of system interaetipficitly in a method for predicting the impact of
future technology on road traffic fatalities invislg passenger cars. By taking into considerati@n th
fact that different technologies may address tmeesaccident, the effectiveness of a combination of
systems has been calculated studying each casédunally, not assuming system independence.

An integrated safety assessment method is curraotlpn the agenda of consumer and regulatory
testing, but is a part of research activities axidbed in section 1.c.ii.3 and the AsPeCSS prdjelet
et al, 2014). Substantial future work is heededeeelop an accurate and usable integrated assdssmen
procedure for pedestrian protection offered by elelsi This thesis aims at contributing to the
development of such a method.

d) Safety system activation: Assessing False Positives

Assessment of safety systems mainly concerns wgéf True Positive performance, which is,
broadly speaking, the performance of a system atetil/ (classification of the situation as requiring
activation) in a situation in which activation wealled for (target case). As described above, gatin
systems for these performances have been develdfmu False Negative activation, which is, put
simply, a non-activation (classified as not callfogactivation) for a target case, is naturallglimed
in the ratings as no speed reduction will be acddeand no score will be given. Performances for non
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target cases (activation not called for) have hessin the focus, but have recently been incotpdra
in the assessment methods of ADAC, vFSS and AsPeB&Sre detailing these methods, a brief
review of definitions for safety system activatisrpresented.

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 classification problem with the four
combinations of target and classification (Fig. 5):

e True Positive (TP): A target case is correctly siffesd as target

« False Positive (FP): A non-target case is incolyetassified as target

e True Negative (TN): A non-target case is correctissified as non-target

« False Negative (FN): A target case in incorrecligsified as non-target

Classification

Yes No
True Positive Falsg Yes
Negative Target
False True No 9
Positive Negative

Fig. 5: Classifier evaluation (adopted from Martirsand Martinez, 2008)

Helmer (2014) gives a concrete example of a démitof active safety systems aiming at
pedestrian protection. False Positive activatiodafined as the system acting as if in a hazardous
situation while objectively being in a non-dangeraituation. A footnote adds that “no generally
accepted or universally applicable definition cndierous’ exists”. In Helmer (201&)assificationis
defined assystem actiomnd Targetasdangerous situationAn unambiguous definition especially of
the Target,was not achieved.

Otubushin et al. (2011) note that “near miss” FdPsssitive activation might be acceptable to
drivers, and introduced “near miss” as a fifth gaty to the classification scheme in Helmer (2014).
Najm et al. (2006) defined “near crash” as a sitmatequiring hard steering or braking at the last
second. The difference between a “near crash” afdhagerous situation” is not obvious, and the
definition therefore remains vague.

Kallhammer et al. (2014) reviewed False Positivendens in the broader context of automotive
active safety systems. An ex-post definition regaydhe occurrence of a collision event is regarded
as problematic since successful system intervenrtipreventing a collision — turns out to be a False
Positive intervention. False Positive definitiomviewed were ambiguous but congruous in that the
usefulness of an alarm, dependent on context aierdperception, is more important than its
classification as true or false.

Further, Kallhammer (2011) argues that since cofiss, and consequently true positive alarms are
rare, drivers will not be able to react efficientty an alarm. It has been suggested to not attempt
eliminating all false alarms but design them tatmmaningful with respect to driver acceptance. False
alarms may not only be acceptable but even requlieid indicates that further separation of thes€al
Positive classification with categoriasceptableor requiredis needed.

Clearly, a common and unambiguous definition ofads& Positive pedestrian protection system
intervention does not exist, and further reseascheieded for its application to integrated pedastri
safety assessment. In the following, methods o$d-Blositive testing in current assessment methods
are described.

In the assessment of ADAC, a pedestrian walks oallesion course towards the driving path of

the car under assessment but suddenly stops primtering the driving path, thereby resolving the
conflict situation independent of any driver actidme aim of this test appears to be to quantiéy th
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amount of system activation against a desired lasehe 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 @letails of the test set-up and deduction oftdimi
for desired and undesired activation are unknowmneo

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, 2012b). Thus, vFSS has defined a scenariwhich any activation is thought to be an
undesired False Positive activation.

AsPeCSS developed False Positive tests “with the tai counteract and unveil too much test-
oriented system tweaking” to be carried out alonip @ifferent tests for True Positive performance.
Similar to the test procedure for True Positivef@enance, a pedestrian is walking towards the
driving corridor of a car on a collision course. Whin True Positive performance tests, speed
reduction is evaluated; in these False Positivis thg activation time of a system is assessed.

Three activation areas are identified based on THIGtly, True Positive activation as “mandatory
activation”, secondly a grey area as “possiblerigstion”, and thirdly an area of False Positive
intervention.

TTC values are calculated from a presumed decilaraf a pedestrian of 3n¥/aind a safety
distance assumed as 1m perpendicular to the dmpatiy In the True Positive activation area, “syste
reaction is mandatory” as the “pedestrian is nd¢ &b come to a complete stop before entering the
driving corridor”. The grey area “opens variatioimstiming to act earlier” and describes system
intervention at times for which “a pedestrian ideato stop between the beginning of the driving
corridor and an additional safety distance to thgirty corridor”. Finally, a False Positive area
describes a “region where prediction already start'ecome rather unsure and intervention stragegie
are often too early in time” and “safety systenpriematurely triggered and the unsure interventson i
still unsubstantiated and typically not tolerategdtbe user” (Seininger et al., 2014). Table 2 ia th
discussion section gives the TTC threshold caledld@r several scenarios calculated with the above
assumptions.

Contrary to the procedure of ADAC described abdlie, amount of system activation was not
discussed. This implies that the thresholds cowddubderstood so that in the first “mandatory
activation” any type of system needs to be acttjandile in the False Positive area, no systemlshou
be activated. A differentiation between AEB and mitag system thresholds was not presented by
Seininger et al. (2014).

e) Concepts on comfort boundaries

Ljung Aust and Engstrom (2011) developed a fram&wor active safety evaluation, proposing
the use of two boundaries: Firstly, a safety zomenblary, which divides states of maintained control
and loss of control beyond recovery. Secondly, rafodt zone boundary, dividing states of a feeling
of discomfort to the driver and a feeling of comf¢see Fig. 6). The difference between the two
boundaries is the safety margin. Drivers aim atateswithin the comfort zone and take corrective
action when they exceed the boundary.
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Fig. 6: Comfort boundaries adapted from Ljung Aarsl Engstrém (2011)

The safety zone boundary is dependent on the raadfoement, driver capabilities, and
expectancy, and is objective in the sense thastiibes a physical limit. The comfort zone boupdar
consists of individual and subjective variationgridally, individual estimates of comfort and safety
zone boundaries ensure collision free driving.dms cases, however, when an individual estimate of
the safety zone boundary is inaccurate, the comafare boundary may be too close to the safety zone
boundary, or even exceed Ih case of the comfort boundary being too closeht safety zone
boundary, active safety systems can aim at impgoboundary perception. When the safety boundary
is exceeded increased vehicle capabilities offeptbssibility to regain control.

Finally, Ljung Aust and Engstrom (2011) illustrat¢ervention timing for different types of active
safety systems:
1. Driver information in the comfort zone
2. Driver warning when nearing the safety zone boundar
3. Enhancing vehicle capabilities at the safety zamablary to regain control
4. Enhancing vehicle capabilities to mitigate a calis(control is lost beyond recovery)

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 definitiowloére the comfort zone boundary is. If they do not
however, the driver will regard the system’s outgsia nuisance and general source of irritation.”

Comfort zone boundaries can be used to designse Palsitive system test. This type of test can in
turn guide the balance between True Positive sygierformance commonly assessed in current
rating schemes and driver annoyance, which is @iomrelevance in current assessment schemes.
Quantification of comfort zone boundaries is edaéand further research is needed.

2) Aims

The goal of this thesis is to contribute to the elepment of an integrated pedestrian safety
assessment methodology. Firstly, key issues andept® are identified. Secondly, comfort zone
boundaries for pedestrian crossing situations aamtified to enable the design of a meaningful é-als
Positive system activation test. This test, as péran integrated assessment of the True Positive
performance, can provide guidance for balancingeTRositive system performance with False
Positive driver annoyance to give the best oveesillt.
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3) Definition of false positive activation in thisthesis

False positive activations are relevant for bothspee and active safety activation. For example,
firing a pedestrian airbag (passive safety devideerwtriggered by contact sensing) as well as
activating automatic braking prior to a collisioancbe analyzed with the categoriéarget and
Classification

But the application of this classification to sgfelevice activation is not as straightforward as it
might seem, and some confusion might arise fromramgxly defined termsClassificationcan be
understood as “system activation”, for example: SHhe pedestrian airbag been fired?” Or “Has
automatic braking been activated?” Further compboaarises if the classification is not binaryt bu
the system allows for different levels of activatid-or example, an active safety system might first
warn the driver, then generate a gentle decelesatiod finally apply full brake force. Then, a
classification into not only Yes/No but into LevAlgvel2/Level3/No might seem necessary. However,
this complication seems to be avoidable by defirthmg level of activation under consideration. For
example, when defining “activation of a driver wiagi as the system activation under consideration,
one returns to a binary classification. Activatmfra system is assumed to be measureable objgctivel

Target could translate tantended activationOne could assume the target as a set of rules or
situations specified by the system developer umdiéch the system is intended or not intended to be
activated. The differentiation into intended and mbended will be based on the specific aim of a
particular system. Hence the same situation coaldnterpreted quite differently. With the aim of
developing a cost-effective system, a developerimgakse of simple components might not intend to
activate a system in a complex situation, while dima of avoiding all collisions completely might
lead to the intention to activate a system in iyeailsituations imaginable.

In this thesisTarget is defined for active safety activation. This dé@fon calls for two new
subjective subcategories based on driver acceptndepicted in Fig. 7.

Active safety system activation aims at avoidindjisions or mitigating their severity. Thus, it
seems opportune to defifl@rgetin relation to the occurrence of a collision. Aple definition based
on a collision event ex-post dsirget, however, would lack consideration of collision alamce by
active safety system activation. An effective systhat succeeded in avoiding a collision would be
assigned a false positive activation while a leffsctive system, activated under the exact same
circumstances, not avoiding a collision would bsigised a true positive activation. Thus, it seems
reasonable to reference the time of system aativdtr the definition ofTargetand not subsequent
events.Targetis defined as the certainty of a collision withgystem activation at the time of system
activation. It is assumed that the probability ofdlision, thus also the certainty, can be cakada
objectively.

Returning tointended activatiorthere seems to be little doubt about Tre¥get cases, i.e. those
cases where a collision without system intervenisocertain at the time of system intervention.€lru
Positive activation is intended and False Negadigtivation is unintended. There is little reason to
believe that any stakeholder would prefer a syst@mnto activate in this situation given that the
system works as intended, which is to avoid calfisior mitigate their severity.

True Negative activation needs to be further digdidato desired and undesired from the
perspective of driver acceptance. As Abe and Rddmar (2006) note, drivers might expect an alarm
in a certain situation where a collision is stioadable, do not get it, conduct an evasive maneuve
and perceive the True Negative event as a falsenalBhese True Negative but “perceived false
alarms” (Wheeler et al., 1998) are undesired aad te reduced trust in the system.

False Positive activation is further separated ddsiredandundesiredfrom a driver acceptance
perspective as called for B§allhammer (2011).
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Fig. 7: Active Safety system activation evaluatsacheme. Desired classification on grey
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4) Summary of papers

a) Summary of paper I: Towards an Integrated Pedestri8afety Assessment Method

INTRODUCTION. Some previous research has been performed vielage methodologies for
assessing active and passive pedestrian safetgnsystout to date no methodology has been
developed which integrates these fully taking imtaount the effect of the active safety systenmhen t
passive safety system boundary conditions. Thiepapows the principles for a fully integrated
pedestrian safety assessment method. The mairsaiondevelop an assessment that is related to the
benefit that the system will offer in real-worldpiacts.

METHODS. An integrated pedestrian safety assessmerding lleveloped using literature review,
accident data analysis, computer simulation, hareiesting and validation against real-world data.
Key points considered are:
* A fully integrated assessment is necessary to siggdsvant interactions of safety systems.
Active safety intervention will influence passivafety performance. Impact kinematics might
change resulting in a higher or lower predictedphility of injury.
« The methodology needs to consider all the caswal@XlS2+) injuries and not just the
maximum AIS injury, because it is the combinatiohatl the injuries which determines the
outcome for the casualty. The benefit needs taxpesssed as a single indicator
« A relevant range of impact speeds should be coregidéd single test might encourage sub-
optimization as the structure tested might notdaeetbped to offer protection at higher speeds.
» Both the impact area as well as impact point digtron need to be aligned with actual impact
probabilities. Dependency on speed changes nedusdaplicitly modeled.
« The influence active safety intervention might haveimpact kinematics needs to be analyzed
by full human body simulation and reflected in thethodology.

RESULTS. An outline assessment methodology has been @l It consists of five steps as
listed below. Further development will include daliion and calibration against real world data,
uncertainty assessment and possibly simplificfioruse by stakeholders such as Euro NCAP.
1. Active safety testing: Exposure / velocity curve shift. Driver warning and autonomous
emergency braking systems will be assessed witleceso their ability to reduce impact velocity.
Changes to impact kinematics due to this intereentivill be noted for passive safety testing.
Analysis of accident data will be used to defingresentative test scenarios
2. Passive safety testing: Impactor measurement. Tests will be conducted to estimate impactor
injury criteria measurements for the relevant viehspeeds identified in Step 1.
3. Calculation of injury: Injury risk. Injury criteria measurements from Step 2 will beerted
into an injury estimate for tested body regionsgsnjury risk curves and velocity-exposure data
from Step 1.
4. Calculation of cost: Socio-economic cost. Injury risks for tested body regions will be corteel
into costs.
5. Vehicle assessment: Weighting and summing. In the last step, costs will be weighted to
account for non-tested body regions and ground empehese costs will be summed to give an
overall socio-economic cost for vehicles fittedwétctive and passive safety systems.

DISCUSSION and CONCLUSION. To complete the development of the assessmethioaiaogy,
further substantial efforts are needed both tkfitbwledge gaps and for validation.
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b) Summary of paper Il: Pedestrian crossing situatiarQuantification of comfort boundaries
to guide intervention timing

INTRODUCTION. Technical systems that warn or brake for vehigedestrian encounters reduce
injuries more effectively the earlier an interventiis initiated. However, premature interventiom ca
irritate drivers, leading to system deactivatiod,azonsequently, to no injury reduction whatsoeiter.
has been proposed that no intervention shouldibatéd as long as attentive drivers are withirirthe
comfort zones. This study aims at quantifying drieemfort boundaries for pedestrian crossing
situations to offer guidance for the appropriateirnig of interventions.

METHODS. Sixty-two volunteers drove through an intersectora test track at 30 and 50 km/h. A
pedestrian dummy was launched from behind an ofik&iru towards the driving path of the
approaching car. Brake onset indicated discomfame to collision (TTC), longitudinal and lateral
distance were measured at brake onset.

RESULTS. TTC was independent of driving speed ranging froint& 4.3 s with a median of 3.2 s.
Longitudinal distance ranged from 19 to 48 meteth an apparent difference between driving speeds.
Lateral distances differed slightly, but signifitignbetween driving speeds. The median was 3.1 m
(3.2 m for 30 km/h and 2.9 m for 50 km/h) and valuenged from 1.9 to 4.1 m. Lateral distance in
seconds ranged from 1.9 to 4.3 s with a mediarevafi.1 s (3.2 s for 30 km/h and 3.0 s for 50 Rm/h

DISCUSSION. TTC was independent of driving speed, trial orded &olunteer age. It might be
considered suitable to intervene in situations whtar example, 90% of drivers have exceeded their
comfort boundary, i.e. when drivers have alreadiyated braking. This percentile value translates t
intervention at a TTC of 2.5 s independent of digvspeed as depicted in Fig. 8 together with atl te
data. The study was limited to Swedish nationaisy iware drivers, and two driving speeds, but did

not investigate behavioral changes due to system teraiction.
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Fig. 8: Proposed comfort zone boundary for Falsgtive assessment independent of vehicle speed
CONCLUSION. This study showed that TTC at brake onset was taldai measure for the

quantification of driver comfort boundaries in pstli@n crossing situations. All drivers appliedithe
brakes priorto 2.1 s TTC.
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c) Summary of paper Ill: Drivers’ comfort boundariesii pedestrian crossings: a study in
driver braking characteristics as a function of pestrian walking speed

INTRODUCTION. Technical systems that inform or warn the driveanfimminent collision or
automatically initiate braking have been enterimgmarket. One of the major challenges is to balanc
system performance in collisions against the pdagibf undesired system activation. The distiocti
between desired and undesired system activationbeabased on driver discomfort. This study
focuses on the dependency of TTC at brake onspédestrian speed.

METHODS. The influence of pedestrian speed on brake onseth@smeasure for comfort
boundaries, brake reaction times and brake detielerkevels were investigated in a high-fidelity
driving simulator in Japan. Naive volunteers dr@ate30 km/h in an urban environment and were
subjected to two pedestrian crossing situations @aw/'s and 2 m/s pedestrian speed resulting in 188
measurements of brake onset.

RESULTS. The 90-percentile values were 2.6 s TTC for 1 natdestrian speed and 2.2 s TTC for 2
m/s, 19 m longitudinal distance for 1 m/s pedestspeed and 21 m for 2 m/s, 2.7 m and 2.7 s lateral
distance for 1 m/s pedestrian speed and 4.5 m &l fdr 2 m/s. The reaction times of the volurgeer
in this study were no longer than the ones repdriesimilar test track studies. Thus, the testKkrac
study for Paper 2 appears to be unbiased towastisréactions. Volunteers applied brakes at an
average deceleration level of 3.8 m/s2, and a bjeke of 3.7 m/s3, and tended to adjust their
deceleration levels downwards over time.

DISCUSSION. Using, for example, 90-percentile values of brakesed TTC allows setting a
differentiating threshold between desired and uingldsntervention in pedestrian crossing situations
It should be noted that the threshold to diffelmatidesired from undesired system intervention was
suggested to be independent of car speed in tige @30 to 50 km/h (Paper II) and was found to be
dependent on pedestrian speed in this driving sitouktudy (Fig. 9). Further influencing factorsy;, f
example light and road conditions, may exist.
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Fig. 9: Proposed comfort zone boundary for Falsgtie assessment dependent on pedestrian speed

CONCLUSION. Pedestrian speed was found to have a significdhtehce on brake onset. For
pedestrians at 1m/s, 90% of drivers braked befdesZITC. For 2m/s this value was 2.2 s TTC.
These values might guide differentiation betweesirdd and undesired intervention in the design of
an “unjustified system response” test in the assest of pedestrian safety from a driver behavior
perspective. An intervention prior to these timedalse positive pedestrian crossing scenarios tmigh
be considered too early and therefore undesired.
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5) General discussion

Pedestrian casualties are a concern in many regioago their considerable proportion of road
traffic casualties. Not only the resulting totddst current reduction rates as well highlight tleechfor
further efforts in pedestrian protection. While aaocupant fatalities have been receiving much
attention, and have been reduced in EU-19 by 50%0i0 compared to 2001, pedestrian fatalities
have been reduced by only 39% (Pace et al., 204@d#&ppa et al., 2012). Car occupants remain the
dominant group of road traffic fatalities, but thproportion decreased from 55% to 48% from 2001
to 2010 (Fig. 10), while for pedestrians the progoof all road traffic fatalities has not beenuedd
remaining at approximately 19% (Pace et al., 2@k dappa et al., 2012; Broughton et al., 2012).
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—4—Pedestrians -l—Car occupants
30%

10%

Proportion of all raod traffic fatalities

O% T T T T T T T T 1
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Fig. 10: Proportion of car occupants and pedestataiities for all road transport fatalities in EU
19 from 2001 to 2010.

This thesis aims at reducing pedestrian causaltyegnabling a better understanding of driver
comfort zone boundaries for pedestrian encoungerd,thereby potentially allowing a more efficient
active safety system design and assessment (Hapeais i) as well as outlining the means to asses
the integrated pedestrian protection offered bys@ager cars which will allow the prioritizing of
countermeasures and avoidance of suboptimizatigrasdive or active systems that can occur when
designing and assessing these systems in isol@&agper I). Integrated assessment will enable tbe be
overall solution for a given development effortighpedestrian protection proliferation will be &ast
with an integrated, compared to a separated, aseess

Optimizing two sub-systems might not result in @lepptimization. For example, it might be
beneficial to tune passive safety performanceuw@idmpact speeds when active safety is considered.
Providing a certain available deformation spacedesigning a deformation element, with constant
force-deflection characteristics for high impaceegs known to occur without active safety, will
result in high reaction forces to take up all impaergy. Knowing that the speed will be lower prio
to impact, due to active safety, one might be &bleeduce the force level for the same sized elémen
still taking up all impact energy. As reduced reactforces generally reduce injury probability, the
overall protection level would be improved overesign not reflecting active safety performances on
passive safety boundary conditions.

Key features of the outline for an integrated smsent (Paper |I) are compared to other research
proposals in Table 1. Some features of the propassessment are comparable with the Searson et al.
method: Both methods reflect real-world impact spédéstribution and evaluate injury reductions
using injury probability modeled as a function wipiact speed.

Contrary to previous research, it is necessanotwider all body regions of the pedestrian in the
assessment, and to weight them according to redéiwgury occurrence. Recalling Fig. 3, it appears
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that a majority of injuries are not addressed ifsidering head injuries only. This is difficult,daise

an impactor, for example, for pedestrian chestri@guis currently unavailable. Approximation
methods, such as relating chest injury to HIC mesisby the established head impactor (Han et al.,
2012) might offer a solution.

The impact area and probability is suggested taldréved from real-world distributions. This
could be done either from analysis of accident,datdicating where real-world impacts in the past
took place (e.g. Fredriksson and Rosén, 2012; Kietchl., 2014) or from simulations considering the
body height of the pedestrian population (Mottdlaak, 2013; Hamacher et al., 2013; Peng et al.,
2011). Results from such a calculation should eonfivhich impact areas and point weighting are
most appropriate.

Table 1: Key features of integrated assessmentadsth

Searson et al.

ltem VERPS method PreEffect-iIFGS This thesis
As Euro NCAP
Body regions Head and lower (head, upper and
considered leg Head only lower leg) All
No weighting, Euro NCAP
separate No weighting weighting (67%, Real-world injury
Weighting assessment (head only) 17%, 17%) distribution
Injury probability
at MAIS level
Injury probability Injury probability calculated with Injury probability
Injury risk as function of as function of injury-shift as function of
reduction impact speed impact speed method impact speed
Real-world Real-world
impact impact
Collision speed 40 km/h distribution 40 km/h distribution

General cost
function, example
of risk reduction Risk reduction at

Measure for Risk reduction at at AIS3+ and chosen MAIS HARM (cost
effectiveness chosen AIS level AIS6 level level function)
Real-world: Real-world
Impact area and Vehicle specific impact
point distribution by simulation As Euro NCAP As Euro NCAP probability

Anderson et al., 2012b
Hutchinson et al., 2012

Kuhn et al., 2005 Searson et al., 2010

Kuhn et al., 2007 Searson et al., 2012a

Hamacher et al. (2011) Searson et al., 2012b Schramm (2011)
References Hamacher et al. (2013) Searson et al., 2014 Roth and Stoll (2011)

Earliestactivation timing for AEB or warning systems is gagted to be based on comfort zone
boundaries in this thesis (Papers Il and Ill). 8ginet al. (2014) propose earliest activation time
based on pedestrian deceleration capabilities daidi@l safety distance. Table 2 presents TTCeglu
below in which system activation is either mandatbro lateral safety distance) or possible (1m
lateral safety distance) according to Seinigerle{2014). System activation above these values is
unwanted. These values can be compared to contioet lzoundaries proposed in this thesis.

Using linear interpolation with TTC 2.6 s for 1 npsdestrian speed and TTC 2.2 s for 2m/s
pedestrian speed, activation thresholds can belatdd (see Table 2). It must be noted that overlap
that is, the lateral position of the pedestriarhwéspect to the car front (for example 25% mehas t
the pedestrian collided with 25% of the vehicle tidneasured from the side from which the
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pedestrian entered the driving corridor) has nanbi@vestigated in Papers Il and lll; thus it is
assumed to have no influence on the desired syetawation.

Table 2: System activation threshold TTC - activatbelow the threshold is wanted

Seiniger et al. (2014) This thesis
System activation System activation
mandatory: possible: Pedestrian is

Pedestrian unable to able to stop at a safe
come to a complete  distance from the System activation

AsPeCSS scenario stop driving corridor desired
Vpec = 3 km/h, overlap 50% 1.34 2.53 2.7
Vpec = 8 km/h, overlap 50% 0.82 1.27 2.1
Vpec = 5 km/h, overlap 25% 0.59 1.21 2.4
Vpec = 5 km/h, overlap 75% 1.31 2.03 2.4
Ve = 5 km/h, overlap 50% 0.95 1.67 2.4

This thesis proposes earliest system activatioestiolds that are earlier (larger TTC) than those
proposed by Seiniger et al. (2014). Assuming thiateds appreciate system intervention when the
comfort zone boundary is crossed and that braketama good measure for comfort zone boundaries,
the earlier activation time will not lead to dissaed drivers and system deactivation as indicéted
Seininger et al. (2014), thus there will be no niegamplication to pedestrian safety. On the cantr
earlier system activation allows more time to aechigreater speed reduction and will increase
pedestrian protection offered by a system. The tifuzation of this additional protection offered
needs to be quantified in future research. To & dither the to-be-developed and outlined integra
assessment method, or computer simulation, carsd &or either method, the once crucial and not
fully quantified factor is the reaction time of wrs when a collision warning is issued for an
imminent pedestrian impact.

a) Influence of driving speed on TTC at brake onset
Brake onset TTC was independent of vehicle spedtkeimange of 25 to 55 km/h in this thesis. Fig.

11 depicts actual driving speed and TTC at brakeebfor the experiments with 1 m/s pedestrian
speed in the driving simulator study (Paper 1113l @ime test track study (Paper ).
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Fig. 11: TTC at brake onset and initial vehicleespe

A linear regression and the Ralue indicate that no correlation between vetsgeed and TTC at
brake onset exists. In the data from Paper |l ategtrend of increased speed appears to exist whe
looking at each of the two target test speeds agglgr This is likely to be linked to the test sigt-
where pedestrian starting time was controlled gy ldngitudinal distance: At speeds exceeding the
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target the TTC at visibility was below the targeted s, resulting in turn to lower TTC values ake
onset. In the data for Paper Ill, where pedeststarting was controlled by TTC and not longitudinal
distance, no such effect was observable. This lediza within the two sets of Paper Il seems tabe
technical limitation of the test layout with no ihgations for the interpretation of results. Botbdies
(Papers Il and Ill) were designed as an urban pealescrossing situation in the same layout. Thus,
analysis of combined results of both test situais®ems appropriate. It is however likely, that TaKC
brake onset will not be constant in all situations.

Whether a vehicle can come to a full stop prioa fedestrian entering the driving path depends on
initial speed (v), brake onset (t), and brake dmegion (a). These parameters are interdependent
through simple dynamics, and can be chosen fronda mnge of driver collision avoidance strategies.
Fig. 11 depicts necessary brake onset, given the&leespeed, for two brake decelerations by the
simplified vehicle dynamics model v=a(t-0.2). Ohwéty, drivers decelerating with 3 ri/seed to
start braking earlier than drivers deceleratindvi® m/8, which is why the 3mfdine is above the 10
m/< line in Fig.11. Clearly, brake deceleration andkieronset time are, to some extent, substitutable.
Further, drivers might adjust their initial speedtlhe environment. It is quite uncommon to drive at
high speeds in areas where pedestrians might slyddamier the road. The combination of
environment and driving speed can cause discoraading to a reduction of the initial speed.

In this thesis, initial speed was externally colhib by instructing volunteers to drive at a spiecif
speed, which was found to have no significant grilte on brake onset. Brake onset had some
influence on brake deceleration (Paper Ill). Thiplies that drivers seem to be somewhat more likely
to adjust brake deceleration than brake onsetddesgtrian encounters in urban environments. This, o
course, has its limitations. At higher instructeitial speeds, drivers might reduce initial spegdimst
instruction in case of restricted visibility, migbhoose to start braking much earlier in case df ea
visibility of the pedestrian, or might expect thedpstrian to take evasive action and not readt, ara
attempt avoidance by steering.

For encounters with other vehicles, Garder (1982) Aoki et al. (2011) found TTC at brake onset
to increase with driving speed. Driving speeds wegher in these studies, making it more diffidolt
come to a full stop by adjusting brake deceleratitome, thus making the finding of a dependency
between driving speed and TTC at brake onset nialy |

b) Activation time of active safety systems

Ljung Aust and Domboovskis (2013) define the driveomfort zone boundary as the separation
between desired and undesired false positive dicivéor warnings, and discuss it for False Positiv
activations of lane departure warnings. This deéni balances driver acceptance and system
performance: Activation is early enough for highrfpemance but not so early as to cause driver
annoyance and mistrust in the system. Mistrudténsystem can lead to a deteriorated performance of
warning systems (Bliss and Acton, 2003; Abe andh&idson, 2006).

For warning systems, there is a necessity to waforé the safety zone boundary to regain control:
A warning at the edge of losing control will, givémat a human driver always requires some time to
react to a warning, never be able to regain caniolst active safety warning systems are designed
with the aim of avoiding collisions, not only misiting them. Thus, warning before the safety zone
boundary is essential.

For automatic braking, there is generally no retatbetween driver trust and system performance.
One exception would be that the driver might wanswitch the safety system off altogether thereby
eliminating safety system performance completelyrttiermore, a driver might not opt for the
technology again given the choice at the next cachmase or rental. Thus, automatic braking systems
need to be designed and assessed with considetatibiver trust. These systems could be activated
before passing the safety zone boundary to meeerdexpectation, since it is possible to imagine
situations where a driver would have expected aatimniraking despite the fact that the oncoming
conflict, without activation, would not evolve intocollision. It seems to be plausible to assurag th
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within the comfort zone, automatic braking would tensidered a nuisance in the same way a
warning would. Thus, automatic braking should ntw before passing the comfort zone boundary,
in the same way that a warning should not occuriléMiarnings should take place at the comfort
boundary zone for system performance reasons, atitorbraking could take place somewhere
between the comfort zone boundary and the safetg boundary. Further empirical data is needed to
relate the exact timing of automatic braking to dlesirability of the True Negative event of automat
braking.

Driver personality and ability, as well as road amtlicle conditions and the traffic situation under
consideration, are likely to be influential. Thtise comfort zone boundary is likely to differ among
individuals. The selection of appropriate percentialues of a population may be suitable for
determining current system design and assessmenerddaptive solutions may be applied in the
future.

In conclusion, both warnings and automatic bralshguld not be activated prior to the comfort
zone boundary. Thus, the definition of comfort zboendaries from empirical data is highly relevant
for the assessment of active safety systems ttiegrevarn the driver or brake automatically. Knogvin
the comfort boundaries of a particular test situatieither for an individual driver and an adaptive
system, or for a certain percentile value of theedtrpopulation, assessments could penalize aidivat
occurring before this threshold has been reachsthglsuch a False Positive test contributes to the
achievement of the highest overall safety perforceary allowing True Positive performance increase
due to earlier activation only within reasonabl@mdaries not having detrimental effects on saféy v
driver mistrust.

c) Metrics for the assessment of benefit

Pedestrian protection assessments of vehiclesattilynlead to a rating. Regulatory bodies use a
pass/fail rating deciding whether a vehicle camplazed on the market. Euro NCAP uses a 5-step
rating scale for pedestrian protection as parhefdverall assessment aiming at enhancing avatiabil
of independent information on the safety level prainoting the use of safer cars throughout Europe.

Scores are based on acceptance levels of injusriarmeasurements related to injury probability,
which are then aggregated to an index. Acceptaseeld are derived from injury risk curves
established for the criteria considered in thengatin general, lower probability of injury for aep
defined injury severity level will result in highscores. However, the injury severity levels coesd
and acceptable levels of injury risk vary for difiat body regions and measurements. Scores from
different body regions are aggregated to coverehtre vehicle. In JNCAP scores are weighted
according to AIS3+ accident frequency of the patc combination of body region and vehicle part
under assessment.

Evidently, implicit trade-offs between differentoses exist. For example, reducing AIS3+ injury
risk for the lower leg from 25% to 10% for 1/3 bktlower leg test area could have the same effect o
the rating as reducing AIS3+ head injury risk fr@%% to 30% for 1/6 of the test area. The
predominant use of specific injury severity migbt reflect improvements made at a higher or lower
severity level potentially having an effect on theerall benefits of pedestrian protection. For eplamn
a design resulting in a 30% risk of fatal head rieg might be awarded the same zero score as a
design resulting in a 70% risk when both have 8408k of injury at the specific injury level under
consideration.

The use of a single injury severity level is appiae when the aim is to eliminate injuries above
this severity level altogether. For the goal ofmitiating all severe to fatal injuries, a certaingsé
collision outcome is a failure regardless of whethecontains single or multiple severe or fatal
injuries. Further, multiple targets and measuraedccbe defined, e.g. separate reduction targets for
fatalities and severe injuries.
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Indicators for the benefit offered for pedestriantpction could also be aggregate measures, for
instance using the Injury Severity Scale (ISS), isedmpairment, Quality of Life Year losses, or
socio-economic cost, or combinations of them.

The HARM metric (Blincoe et al., 2002) has beenekjdused in cost-benefit analyses. Detailed
cost values for injury severity levels and bodyioag are available for US vehicle occupants
(Zaloshnja et al., 2004). Cost values for Europpedestrian injuries might differ because medical
treatment and injury types may differ. My calcudas using GDIAS data showed that, while injury
types for a given body region and severity levéieded between car occupants and pedestrians in
Germany, the length of hospitalization as an indicéor cost did not. Furthermore, for a relative
assessment, only relative differences are impqrésnat these could be sufficiently small.

The Risk of permanent medical impairment (Rpmipmother aggregate measure that has been
widely used in the analysis of road safety bengfitsdominantly in Sweden. Rpmi is one part of the
Rating System for Serious Consequences (RSC), wiaherisk of fatality and medical permanent
impairment are combined. (Gustafsson et al., 1985)

The Rpmi for different body regions and AIS levédsbased on Swedish insurance data. The
impairment risk predicts the frequency of impairielue to road traffic injuries. Thus, Rpmi
measures loss of health over time. (Malm et al38200

Developed from data for Swedish car occupants (Metral, 2008), the metrics have also been
applied to motorcyclists (Rizzi et al., 2012) aratipstrians (Strandroth et al., 2011). As with HARM,
it is questionable for Rpmi as well whether valuee directly applicable. Car occupants and
pedestrians might have different injuries with Hedent Rpmi for a given body region and severity
level. These different injuries might lead to diffet Rpmis when averaging for a specific body negio
and severity level. The influence of a differenuig spectrum was confirmed using STRADA data
(16989 injuries for occupants and 8725 injuries gedestrians). For each injury sustained by a car
occupant or pedestrian, the Rpmi at the 10% leva$ walculated using the tabulated values
established by Malm et al. (2008). Thus, theseutations did not validate if the Rpmi level sustain
for the same injury differed between car occupaut @edestrians, but verified if different injurypbs
lead to different RPMIs. Resulting differences Ire tRpmi between Swedish car occupants and
pedestrian injuries were small except for AlS4 thejsiries, where occupants had an Rpmi of 15%
while pedestrians had an Rpmi of 100%. Differeramespresented in Table 3. Overall, the application
of the Rpmi metric, developed for car occupantspedestrian injuries appears reasonably accurate.
There was no strong evidence against doing so.

Table 3: Percentage differences of pedestrian 1p#i Rmy calculation) minus occupant 10% Rpmi
(Malm et al., AAAM 2008). Blank cells: No data aledile for pedestrians. Positive numbers indicate
higher risk for pedestrians

Body region / AIS 1 2 3 4 5
Skull/Brain 0.3 -0.8 8.5 5.0 0.0
Cervical Spine -0.5 3.2

Neck 0.0

Face -0.4 -6.0 -10.0

Arm 0.0 -0.1

Leg 0.0 0.2 -1.0

Chest 0.0 0.0 0.0 85.0
Thoracic Spine 0.1

Abdomen 0.0 -5.0
External 0.0
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Limitations of this thesis

The proposed methodology is in its infancy, andlastntial amount of further work is needed to
establish assessment protocols. The methodololgyited in its application to active safety systems
operating automatically or warning the driver, aiha# an immediate reaction, and to those systems
that aim at reducing impact speed. Thus, the beokbther systems, such as driver support or steer
avoidance, cannot be assessed, while it is likedythey have at least some benefit.

The methodology relies on the testing of activeetsafystems in representative scenarios, and the
testing of passive safety with impactor tests. Tlny limitations of the test procedures for actwvel
passive safety, such as unrealistic reflectivitytesit targets or lack of biofideltiy of impactousill
have its impact on the methodology. Hardware taistreferred for the integrated methodology due
to their widespread use in assessment, and diffisuin establishing model validity in virtual ties.

In the future virtual testing could turn out to bwre powerful than hardware testing concerning
biofidelity or availability of body regions. Thewirtual testing could replace hardware testing.

The need to separate active and passive testingpenayercome in the future. The whole chain of
events could be tested or simulated in one run:Hemdware sensor target for active safety evalnatio
might simultaneously be a suitable hardware impéotopassive safety assessment. Also, simulations
might be established for active and passive sdfyures simultaneously. Such a method might
replicate system interaction in an integrated methhwre directly and better than the methodology
proposed relying on separated hardware testingfegrated assessment.

Comfort zone boundaries were measured and quahaiperimentally. The experiments were on
a test track using a driving simulator. It is alwaguestionable whether such “laboratory experimients
accurately represent “real-life” situations and apglicable outside the laboratory. While efforisray
undertaken to replicate “real-life” situations, aschilar results were obtained independently ireak
study and a driving simulator. These results anmeraging, but are nevertheless, results of labgrat
experiments. Repeatability and control weigheddauily for this thesis. Naturalistic Driving Studije
with their strong face validity, were not conductsthce the time and money needed to collect a
similar amount of data would have far exceededwiéth was available.

The influence of two driving and pedestrian speaalcomfort zone boundaries were quantified.
These factors were believed to be of major impagaand are commonly varied in the assessment of
True Positive system performance assessment. Howthe list of other potentially influencing
factors is long: The time of day, road type, ptioriles, driver mood and driving skills, road s
and available or estimated friction, crossing angkxlestrian size and age, and eye contact or other
types of communication are just a few that comenitod. Rightfully, one might argue that the work
presented misses potentially influencing factors] aoes not quantify comfort zone boundaries
completely.
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6) Conclusions

A concept for the development of an integrated peida safety assessment methodology is
presented in Paper I. Further work is needed tieaobr create sufficient data to obtain a usablg a
accurate assessment method from this concept.

Comfort zone boundaries for pedestrian crossingsdns were quantified. TTC was identified as
the most suitable measure for comfort zone bouesa@Gomfort zone boundary TTC was independent
of car travelling speed but dependent on pedestriassing speed. The 90 percentile value for TTC at
the comfort zone boundary for 1 m/s pedestriangpees 2.5 s in Paper Il and 2.6 s in Paper Ill. The
value for pedestrian speed of 2 m/s was 2.2 s Te@tified in Paper lII.

These values can be used to differentiate betwdesired and undesiredFalse Positive system
activation, which in turn can help in designinggeaPositive test procedures to provide guidance on
balancing between True Positive system performaarcd False Positive driver annoyance in an
integrated pedestrian safety assessment methodology

7) Futurework

Influencing factors for comfort zone boundariesvighicle-to-pedestrian encounters should be
studied. Results from vehicle and pedestrian speeeklsented in this thesis should be extended to
lower and higher speeds. The influence of othetofacshould be studied. This could provide
guidance for deciding on the earliest desired adafety system intervention.

Further work is required to predict and assess dffiect that such an active safety system
intervention will deliver. The outline for an asse®nt that will predict the integrated benefit of
passive and active safety performance was presémtidds thesis. To reach an operational method,
further substantial research is needed on:

e Injury risk curves and aggregate benefit measures

« Impactor response prediction for various impacesge

« Impact probabilities for different vehicle areatsddferent speeds

* Reactions of drivers to warnings for pedestrians

« Validation or calibration procedure of the assesgmeethod against accident data

The effect of different system activation thresisdior warnings needs to be quantified to motivate
further research in this area. The operational otefbr integrated pedestrian safety assessment may
provide the means. A crucial part is driver reattiones to a warning that must be established for a
variety of situations.
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