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Deut sche Zusammenfassung

Aut omati si ert e sgrFoathereennd si sitn edienre rAudermobi | i ndus
nol ogi schegEmt windkIPr ot ot ypen deuten darauf hi
mati si erttemr hhalkdecdinschan Thaltd mM%gl iByhstiesthr i tt
ment wi ¢ k| ,uinsgt Ssdeel hbesrahcehiwesimse r noch wungeel °st. Oh
For schunig eurnedn tWeiTedulthnudn gvadomi erungsmet hoden i s
fé¢hrung des aut omaniasheuwe s Fmeéirdeimgt-EGE ht

Typgenehmi gung, dass das Syssetiennunmfufsrk ediem iSn a ka-C
zeptabl est Rihtsi kDi b basi ert aufhedrerF amrnearh mea s
Fahr zeugndtiemekrnti tliKeoecnhterno | 9zedngebreln hlh enrmt aut omat i

Systeme ist die | berwachung durcbaldem maf+er
sen netuleo dSh c O ensahcehiwtesi s e svee rdeiwldi @k &Slitc her hei t i r
tomati sierter Fahrt ohne menschliche | berwach

Zun2chsbeweé e\iaelniddei er uf gs matalso daeut omati si erte F
und strukiamwsafueehe Bor schumgsfalmwlneiztue Ri sl k od i
Arbeit |iegtddmafSczwamiemibmd i el idhed sdttse.s t

i stTeesitn i m r eAanlheann a\eftr ekredbtnd md ¢ hwiud d g kRil $i ko des
Sysnsein einem statistischen Ansat z haibng-esch?at z
gegaekine I denti fizierung von Testf?all en, um das
odeei nnTesztug evi érnldaeger n .

Zi el jeder Sicher hseiiktos vdaelri dTieecrhunnoglnaigsi e, cdibazsu sRil
heit gem?2C deem!| IAedf oGdeelumgc hat.wslgms eapipesrier Ar b

werden zwei verschiedene Risikobegriffe ver we
Systemd e H2B.f i gkUeift2witl Pedmadklc$toesrk opi cRlaRys Ré si ko
zei chnet. Das Risi ko in eimirkreskhbpei sehe¥emRk

( Mi R) bezeichnet. Aufgrund der groCen Entferr
Ver kehdaMkaaR nni ¢c ht galen e heméDeayessen wermtd e n . Da di e
durchschnittliche Entfer nubmigs ehwi FereceQ@da gtvanz Un
i ®tr forderl i ch, um gen¢ggend Unfalldaten f¢gr el
zu sammel . eDedhesrg sicshtei eMen d,i kwing MRBIBemwemdet a
einer Meswufraherxtt rapol ati on vonEMaRwwerwepdet
we ndunweok -MeRri ken ist die I dentifizierung Kk
neten Daten odefeosni amet evd.hrAwms di esen Daten
szenari deabgeteenhet werden.

Die drei wi chti gdt e s e Foehfsaosésiuetng ssfircahg enmi t der D
MaRnf order unge nDawAhln seaitnze nz uTro pDe-Meni t k em, vmint N



Deut sche Zusamme

dendkcaMa R aus kritischen Szenen extrapoliert
Di ese dr ei Fragen werden im Verlauf der Arb

Was sind die Anf dMeden keg&kmnan wiMie® Edgn Metri
ken f Extdapol ation von MaR und dfial slidfeinztiieft

werden?

Bereits heutM Renhdvaehadameéenohedi e zum Tei |l a
den beschriebenen Ans?awizred gsiemr wBBinddet t wer deBe
prozess, edearblbeirde . ADS %t zZVeg el endSkote b &iuin ¢ n
identi fi zieren, die f¢r den Fahrer adedadt e
aus Testf al |Gl eabczhuzleetittiegn slalsl| Rdise ke i n ei ne
sodass eine Extrapolation von MIi R zu MaR m

f¢r diese Zwecke geeignet Datdi eveEdfegnl IAmh @
forderung und damiitk dmiec et ginmmg r wierad Msetea tstb c
eihal sifizierungsstrdategiweiv ®drches cthleagean h?|

szenen definiert, die von einer MeFal ki fkiorr
zi erdwmgh dnhnenTest ez echite whheutdlr, i akwif ge& z eviocnhnet e
vom Menscherfrahe namgemwemdet. Wenn die tats?

Hochrechnung des Risi kos auf der Grundl age
wi der sipglitiec et gnun@ atlesr f Dat el | $ieft zz ieeadhurmn gs s «
auf w2ndi g DiestRg cvhe fl @ sxti genl egt, di e zu einer

fé¢e¢hren, wenn si @ebeiMeafeadlkgEtnt we rcke nu.ng

Wel che Met hordiekne nu nkd® rfMeegan v e r daedhadRe td ense raduetno, ma

tisierten Fahrens aus kritischen Szenen in
Bei Feldtests wird die Sicherhedaetsareaitomes Fa
Erei ghestsiemmt erBXafléagdr iTe dneistf odblighet € st ati st
Nachwei ses Hearnndietlttelets si ch bei dem untersuc!
sondern um eine kritischeuBdebe] gitk?bhesi c
Signi fi kager sKinldo wether er forderl i ch. Das Au

gi bt jedoch keine Auskunft ¢ber das Unfallr
Fahrer eine Kritikal it 2tw e;rbhenrnes mnseuc hbteesg 1 dnar
Aufeten einer Kritikalit?at cber diesem Wert
poliert welrrdee ne slkaamPag! IAuH t r et emowidirh eSzen &K i m
kalitat undhoolhaur dadidd eant wibreds tuelteenrdseu ¢ ht
ken, Datenerfassungen und Extrapol ationsm
erf ¢Ansecnh|l wierCee ndli e Extremwerttheorie als st:
|l ati on des RiVei &os zadmggewddhlgi ch bei ghosblen
um Extremereignisse WNppdekti madi @enmaied eterd e e
tretenden Kritikalit?2tswerte angevedharkt bwaer
sierenesaDiesd gnr i cht |IDineiveehe tweeantldmae ¢ &klell g r 2 di Kkt
Opti mierung, um die Trajektorie mit den min



Deut sche Zusammenfassung

Szene zu finden. Die Metrik erf¢gllt alle defi
rungen mit dem gesch?t zNaecnh ndeenns cihd S tcgheehne grFtaehnr k
l['inien wird einewbeéhggiot il victa?r fagraent apley uentdie ¢dren  Ei
der Padefmeriethri @dms Ergebnis durchgehighDt . Zu d
Datensatz anal yvieewsgdepnpmaes DRDuoldeen

Was daskzeptable MaR f¢r automatisiertes Fahre

Die all gemeine Erwartumgtioma, i da egdtidcaneAmE&Eihm fzgh
zahl der Unf2ll e zumiamhdé sviegtrd mgferrits.t il eurncd zper
of fensichtlich, dass dliieceEehfgbhahg meuesRcBiI Kk
fast jeder n¥V¥eemuWercddmt bgimnfdgmund der neuen EI

gen und des pers°nlichen UMuwtezawda rsssibled i gintawif | | i g
Ri si ken akzeptieren. Andererseits haben Passa
remer muh? hehe Anforderungen. I n dieser Arbeit
fall statisti ken, Ri si koakzephahechuadl egi emda
lei tet. Basierend auf den Anfor degewgeshwet de
di sk Dtiieerztuugrundel | elqadseidredd afsnsn aBhermeunt zer di e Hy
zeptieren, dass Fahrzeuge stGebell schdft wldiheeh

t hese eher abl ehnen.
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Summary

Aut omated Driving is one of the trends in
technol ogy and prototypes suggest that the
the advawyscee®msntthieensel ves, the safety appro
research and i mprovement in verification an
tomated driving istmetECEHstype adbp gr ceBalr reat
is safe for road operation andbddsead drhetrlee
sumption that a human driver i s able to col
criscesikbr higher automat i on,| ahbul nea naHsyou cneogeriel. |
new met hods ofangafretsk naemmredwanerret i nst al | ed
current t.ype approval

To begin with, state of the art safety wval.
and structuerdr ¢ Dealrchnvege ®Pit mn@ ndins kit hnmest rtihces:
focus i s-bamsesiceeantiessd | atrgals tfFiimed dmeans straig

ing in rTeali skr afff itch.e system can bey etshée mat
occurrence r.at®ecaomxzraidctesni 81 g requires the
to shift testing from the road to simulatic
safety validation is toulkstymapareoeo ftihneg rtihsakt o
exceeds the acrequidi ed) ¢ of atl y vi ewdoni nnthd si nt h
t wo ditfefrentsi sokf daThee auvseer afgea r & w&t e mhoee orceactue r cefi
fatal ,accicthdditedssdaMMia®) . The ri s&kc eime a ad il redgl
mi croscbOppPi RBR) ri Pbhe to the high distance bet\
MaR cannot be estimated wiThheut aeqextrenssiawn

mi | eage etnoougat haecrci dent data foHescgnhi &ncan
portant research questi otnhe sr ihdivc &t iRts inoew tir @ ¢
accidantbe used to extrapolate MaR. Another

of cmrictsin@anl recorded datda i dressdal aneandhbei ng
derive test casesteadbbppyg@deb ddmaerei anost cr uc
guestaddness the definitiondoown deapRhrr eqmui d e fmie
Mi R metrics that are eligible to ext-rapol a
casTelrsey wi | | be further refined in the cour

Wh a't are the requirementan fitorlh eeMiifRpirbetlhiet cys
trapol ation towards MaR and bhéeref aldeinftiidd T at

As there are many Mi &t haerttr,i casn aavsasi el sasbnheen ta sp
l i shed imhathisv alheasis@se bnoetthr iucs es hal | I dent i f
highly demanding for the driver or the aut
scribe ts@heemexstkr apnolaati on from MIi R towards

VI



Summary

if a metric ipuredasgasblree ofwirr etnheonstes ar e defi ne
veriiffya metric fulfills all requirements, a f
contains two steps: First, test scenes are de
If falsification by the test scenes iIs not ac
driven traffic. I f the true accident rate cor

metric within statistical ttdlagsarncesd, tAlsetmet
cation step has a high eftfblardedaddteci @anpagtue mdte | m
f ol |l owldee vied opprnoecrets s

Whi ch methods and metrics can be used to extre

crilti<aefniedsled tni ng ?

| n {ftiesltd ng, the safety of a driving system i
certain events|fethbe &€waenat aondedenbhsestigatio
of an accident , crnédaeseoxcand elneses rmitleeagqe I s r ec
tical S iHpmiefviecancten.e occurrence of <critical S
accident risk. I f it 1 s assumed that critical
drivern bilfe,pasnd that the occurrence of <critica
from the observation in a field test, the occ
accidents could be extrapoolftahadene.t rFicrsst ,daitta icg
l ections and extrlaptoHeatdemi vidd hma ¢ weetrudmemda s .

value theory is selected as statistical tool

ical events are extrematedehysathat oanablk o0e:«

val Fesw.al Imetric that has proven iusswldfelso f ar
predictive optimization to find the trajector
gi vsecnehlee metlrlisc aflul fdefi ned test cases and cc
with the estimattead dasnami.Belilwva mighg&tiidyestabl
sign guidelines, a sensmndt¢eéepthaymead an efsseieasr cihs ¢ o
influengar amet egx tcrhaoprelsautdino.n Feor t h-dat pssepose,

t hmas recorded from drone footage is analyzed
What is the acceptable MaR for automated driv
The common expectati oamut emdathed | dhiewidmg eotdbhet n
ber of accideat®m andl|l gastmilloamgge. At the same
introduction wil/l induce naw Bl mhksttevehg hew
nol ogy does. Probably, ceaptloyr iasgdocpetretrasi nwiyl la bvoil
due to the new experikemceqgqatpebsteelsper sealal nbe
sonal benef it |l i kely have higher reqguirement ¢

from accident eptancetisecsadi esslandccompari son
Based on the requir emendtes, uinrcterrd dau anttiyo ma rset rda ts
assumption that user are | ikelyanad faclcfeiplt]l tthhee
i ndi wiedqwalr, e mehntl sbyp asngdlertshe soci ety are more |
pot hesi s.

Vil



ll ntrodaathicompe

Recedéemgnstrati ons from car manufacturers,
automated vehicles areitéclhroli omgirwmalulcye df & a:
near future. The common exapetcomai e ldlsirvdahmd
duce the number oft eaaacVii Fdiretns fpatro dSesdneettoyfl otnhge
tional Hi ghway Tradfifoinc (NHTeStAY) Adimitnuies tbhna d et
Vi si dofZetrlme Eurrggp@am hdnieaxmected safety bene
However, the introductionskatf nhhbw saeambnoi mgy
t hat a stfatoifstsiupada sperdoos af at wiadhemtt dtea tpieg tfi
without iamuttroodu @ity ¢ hiedlnmstkett he hi g*h requ
St adfehe art devel opment and testing procedur
ariensufficient because they rely onThke act

problem of a statistic proof of safety is t
are relatively rare events, statiregucalkby as
result. This raises the first question:

How to monitor the current ri sk bleesv a@le si ractce
dent s?t ati stics

As statistic on accidents i s noti sftsagifblod h
metrics could be usell tbhedeccvdenhheraski dan
be described, the tot al accident ri oK coul

proximity to @&dai-kiveowmet ®Whoildfi sHowever, the
tion to accident probabhéeidefisi unagmowh. aA
t hat covers alils tcyhpadlsb eanfg nsgageerra rtihodo warh alpl- e n
proach that stiamt fwirtelgutiihre meeftisniatnd t est
sertation.

Besides statisticawbrbdf éeegtappooher testea
assess dri vQunigdeflu metsi ofnosr. t he devel opment
| S8 6:22 0flBr functional saf 20fydra ntdh el SsG/fPeALSYy 2c

1 U.S. Departmeinof Transportation NHTSA: A Vision for Safety 2.0 (2017).
2 Tingvall, C.; Hawath, N.: Vision Zero (2000).

3 Winner, H.; Weitzel, A.: Die Freigabefalle des autonomen Fahrens (2011).
4 Kalra et al.: How Many Miles of Driving Would It Take? (2016).

5Donner, E. et al.. RESPONSE &ode of Practice (2007).

8 Hayward, J. C.: TTC (1972).



lintroduction and Scope

nded functi oAhtalti heg ¢BDToOF)t he devel opment,
nded. I 3 Mlsdueggeexsdcuti on of tests in the vali
mul at i otne ramm dH celveat ns@ r the test case generati
owl,edpe compl eteness .Ii s 80Ti Keltyhe ot bemachi e
rios is of importance. Due to talhd @perms ivwdrel ¢
snefe neivgehdw@ unknown because there is no dat a
t happen in currentAst apnpfoachbub webducent bk
known sdathairves,eeret atinbsbies grweeesst ed t o di sc
own unsatfe asd¢entamemst o a test catal ogue

X c S wnw S Xn 3~
5 3 O 0 9 S5 T o 0

mer ous st udafers lkwmdrecdridvamttraffic 1 n the
i € entsieBee @ ohi ffoourn an )aedwr v cewt o | i deretniafry ocr iatri
[ established. As the amount of i nformatio
hicle information and somet i meesw ionpfpoorrnautniio-n
es resul @areshheann ctehde. dHiitgahalt ya ssed ph icsatmccas-t eodn | dy
| aithed est drives with advanced environment g
processing, vehicle trajectories can be recor
hi ghditaset

Whi ch menartich adafe mMdedarndndatdeet sf ysedietci-c al S
ti el y

<z =z Z2
"D ® O C

34'—!-
c -

Those datasets offer the aneportcsni tbyectaw siemp e

traffic scenari odeafol el &wviadniy g sidin gavu dl | be di s
cus,svdidch requir emeing sdeas ingenterd ct oo hanhaé pwyze | ar g
ful.fildl

Based on t8O6TIskEevsaggests a process in which
i mpr oved a30TvikBmands that the pamdcesise isthml | b e
i mpramwmed!l the resi SwahQurainsktias i vacoeptskbheyuir
as wel |l d0 gumatthddati vely estilmaties tchoemnroinsl ky
cussed that automated dr i vetny. fHinkce v eorniss wallslo
much skepticism in society and individual s. F

this thesis:
What is the faoaccaptlalglre ?Ppisslof our soci ety

't i s out of question that |ttkibidsyéwi imk ahébhc i s
completely with the introductairognu eo ft haaut ocantacti edck

”Wachenfeld, W. et al.: Safety Assurance based on an Objective Identification of Scenarios (2016).
8 Benmimoun, M.: Automatisierte Klassifikation von Fahrsituationen (2015), pi3630
9 Krajewski, R. et al.: The highd dataset (2018).

0 Gasser, T. M. et al.: Rechtsfolgen zunehmender Fahratamgatisierung (2012).



1 .Met hodol ogy and

automation

that are known from todayoés traffic will be
but new types ofduweoc indewm tasu twialalh ehnahpEhalrd & 5 . a |
that i1t i swhdtshheerudksowmnputi on of accidents
will @Ehawvdelowever, it has to be asandmdd et h:
guency osfareicghldye nrtel evant for ri sk acceptan
Severity
garai™ * Total number of accidents in
; conventional driving
el 1
gerious e
I
\"‘g\’\t-\n‘uw : _
I
e 10 | Accidents due to the risk of
Damaeg(’w I
I

p(Op
Figure1-1 (Unknown)future distribution of acciden(®achenfeld et ai* after Gasser el.&)

Besides the general expectation for increa:
ceptabl eForskhlkeedel svati on ioefwptohien tast aenp tsaobcli
be addressed because once deelpyl oiynefdl, u eanucteo npoar
as well -bayAn piampertsant baseline is the risk
from accident statistics. Anodmeor cooncii @dtey .a
efits are overwhedcemidablhed.gher risks are a

The threenquestuicend abovesthrae tmel kdeg gqghests

thesis. The estimation of ri sk i sHeanlcwa y st hbea
di fferent approaches of soagfeetthye ra swsietshs memeai r
strengths and weaknesses. From the requirem

compared with the extrapolation methods and

1.1 Met hooldogy Santdur e

This thesis froilieodooswmat Qodest bguwi | d s pHsi¢c-r et t iu
guidz

T I'enhis ,chtalpteee basi c questions that are i
aboBel ow, key terms that are used throug

11 wachenfeld, W.; Winner, H.: The Release of Autonomous Vehicles (2016), p. 426.
12Gasser, T. M. et al.: Rechtsfolgen zunehmender Fahrzeugautomatisierung (2012).

13 Grunwald, A.: Societal Risk Constellations (2016).
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T

In chapttere state of the art of wvaledati on

anal yzed with attention to real worl d dat a
arlei mited data from automesedrtkest sdexkvesd
wards data analysis of manual and assisted

process of extrapolating risk anddidenti fi
diti onéakWtghastr i asrke ahcoaaemgitrde/rea toirn ot her t echn
are discussed.

I n cBapbkReaiesearch questions introduced abc¢
extended based onotieerNi.nedired s niend t ks eat ath
are deduced.

|l chaplt erhe risk requiremean safaateh glieg e yweidr &

ments from the dinfdher emat ket abkeheldat s§on in
vention@ahetraséacch quest i oniss kc oanrcee randi dnrge sng
and the consequences for. the introduction

I n chaptequirements f or metsrciemsa rteh adie rdievsecd .|
Based on the requirement st ra sfsadlesriifviecda tainodn &
plied otnhas tt atméd rfialssi fi cation for advanced
design guidelines aweétigs béDel|frhelreddt hmgptp rloeaa
to define a metric Iin adcgudarkenesticustskead
and a suiitsaubglgee smeetdr.i c

Il n c Bahpeteere Imegadpliisedf absnf§i thBReiirosnt ,mettehsotd
cases derived i nAddiatpidoantaal 5l fya o en tapr@eaymdn mo
t hawetrceol | ected bwidhome tfoo@atl agne | eamrgee of ab

evaluuated discussed, whether the results a
ri sk from. Research questions concerning r
I n chiaptkeke results are,diwsdchsdeoaduasnadns urhma
guestions, the devel oped method and its ir

Open research questions are formul ated.
Il n cBapdaeconcl usion about the achieved pr o
| ook towards the next steps in safety val.i
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Motivation and Introductional Questions

Chapterl

State-of-the-Art Analysis

Chapter2

Refinement of Research Questions

Macroscopic Risk (MaR)

Stakeholder Definition
Quantitative Requirement
Influence on Introduction

Severity Balance

Chapterd N
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Microscopic Risk (MiR)
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Extrapolation
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Chapter7 & 8

Conclusion and Reflection

Figurel-2 Methodology and Structure
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lintroduction and Scope

1.2Defi niti on of Ter ms

| n thhaips eac, key ter mgamasiendt riond daded fadd owi ng

1.21 Aut omated Driving

The scope otfhveahii slat hesi ©f.iTéetr @ ihatr & da xdrniovmyn ga c -
cording to SAEI gB3EG6Triiss ht thseesd s, it is suffici
bet ween systems with SAEah@evelystwomsanmdthoWBAE
and high&wr (sked-g #+epsd uvcethiiocnl es provi de assi st ance
Their validationti osfestabkileodye ddh@amadd thte shesr.e i

scenarios must be controll able by the average
driving tasks and monitors the systewms-Ilnteryv
tems requt,aesa ditscus stadwlbean Waiutl 2elof the el ectr
tronic system (E/E system) is present, which

The safety valsdemsdrmheofotAh®3+ hand requires n
diver doemonobtoneeldetdriving environment

Execution of . Fallback System BASt INTHSA
5 - Monitoring of -
w e - Level | Level
< 3 SAE Name SAE Narrative Definition Steermg/ Driving Performan_ce of _cgpabjllty
7] Acceleration/ Envi t Dynamic (driving modes) & =
Deceleration fvironmen Driving Task —
Human Driver monitors the driving environment
No the full-time performance by the human driver . . ) Driver
O Automation | ofall aspects of the dynamic driving task Human Driver | HumanDriver | Human Driver N/A only O
- ape " . o
1 Dhver the driving mode-specific execution by a driver Human Driver | HumanDriver | HumanDriver | Some Driving 2
Assist assistance system of either steering or and Systems Modes % 1
SSIStance | ,cceleration/deceleration q:"'

Part-time or driving mode-dependent execution by
2 Partial oneor more driver assistance systems of both

Automation |steeringand acceleration/deceleration. Human driver System (IREN Ry || (FRmETREr | el

Partially
Automated
N

performs all other aspects of the dynamic driving task. Modes
Automated driving system (“system”) monitors the driving environment
i driving mode-specific performance by an Fallback- > E
3 Conditional | autornated driving system of all aspects ofthe System System ready SomeDIving | 5 g 3
Automation | dynamic driving task - human driver does User Modes T §
respond appropriately to a request to intervene <
driving mode-specific performance by an =
High automated driving system of all aspects of the e 28
4 Automation | dynamic driving task - human driver does not System System System Sonsdeolgzr:mg = E
respond appropriately to a requestto intervene e 3/4
=i full-time performance by an automated driving
u system of all aspects of the dynamic driving task s Drivi
S Automation | underall roadway and environmental conditions System System System on&id::mg

that can be managed by a human driver

Figure1-3 SAE level of automated drivifg

M Weitzel, D. A.: Kontrollierbarkeit nicht situationsgerechter Reaktionen (2013).

15 SAE International Standard J30T&xonomy for Automated Driving Systems (2014).



l1.efinition of

122 ScenpeSitaadi &cenari o

The seemasefi ned thhyaGdy éauxteciegred! brrAthnet hi s
thesis following the definition by Ul brich

AA scene describes a snapsthet soenéehg en
and dynamic ealsenmnent sactaosr swedgime sebser ver
tatiamms t he rel ationshipscaeamengephesenen
tation in a simuelatetpaesilng c@ombijbect i ve
groundl hrubhé@)real world it i andncompl et
from one or sewtosfalvi elvs ¢ swilf £@&@ tp vie scen

The definition Fsgit@uet her expl ained in

Scene

Dynamic elements
» Dynamic objects’ states and attributes
* Dynamic model-incompliant information

Scenery

« Lane network (lanes, conflict areas, ...)

« Stationary elements (obstacles, curbs, traffic
signs, traffic light positions, model-incompliant
information, ...)

 Vertical elevation

« Environment conditions

Self-representations of actors and observers
« Skills and abilities, e.g., field of view or occlusions
» Actors’/observers’ states and attributes

Relationships among entities

Figure 1-4 Definition of a sceng

I n | i theer atteaurrme,sittuati on i s often used as a
according to Ulbrich, a situation also incl

16 Geyer, S. et al.: a unified ontology for generating test andamse catalogues (2013).

7 Ulbrich, S. et al.: Defining and Substantiating the Terms Scene, Situationcanalri®, p. 983.
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al | aspects of a scene thatThea edirfell ®veamde floea
scene anids soft uaitm@m itrhplderntidddmeesatser m scene wi | |

Whil e a sceneoifsthrel yvedhischnapdhaectonda tg meanamido ¢
Sspans over eatthibme l@aén .neldtelmgssenart alf ol ow each
changing states of dynamic objects, or can ha

| owi ng maneuvers that lenvotlhvies ftohrens itsh,e tshtea rtteirnm
addresses a scenaat oewchht osapeeacsi pfa pcraitsioant hwel [fli |

123 Safety Perdmnd miinck

To describe the safety | evel of a system or of
(SP) accordi fgstos®wdchéenhfebddestanbeduasithan
dent occurs. As it is necessary to different.i
di scussing risk and not only accident | ikelih

gory (e.g. fatadi detch diemit s i a@cstd edxenrdtesx wilt; hou't
ries:nfinodexpnjuries)

According toi tI5® 26v2éRIi ry skf an accident mul't
|l i kel i hood D©He tfhree paqwuenady ndaf. acci denft)s oirs ei t h
per distance (symbol

Soishe reciprocal of SP whein 1tShO2 62e5V2e r idti yf fleea

verity |l evels are combined by assuming a fact
that an accident with injurimsansadhaindle rtd wist
injuries and an iac diadlediGe dwiatshs fTnaceraet bstrebveearaet.i o n
of different severity | evel i nto a single val
4.3

| n tehsiiss,t ht he r i sskceanmed at e ngVer agafrfisk of a f
rel eySRnand risk according to 1S026262 address
of i dentical vehicles. (MEBIRITS ei sassianlglil eeds sMaecnreo s ¢
called MicrMoQRcopitci Ri sllescri bed by MIi R metrics

124 Critiamadi €Cyi Mecral cty

The term critefcabedtdy bmetadi ¢ amsl y of metrics i
2. 2.)2.. 2Amb eshi s, t hda st drent ilceeidtedaspadrialy or spati al
apoteamal lailrsi @ns c eonrée nsgcenar i o, or the magnitude
reacrteigouni red to pAevent iraiad iadcegsicdreinbtes B®bhe crit
pects ofi ncraiedriecad@nteyrr eacti on can either be as

B Wachenfeld, W. H.: Dissertation, How Stochastic can Help to Introduce AD (2017), p. 25.



l1.efinition of

measuring the vehicle stateamd pr ediicotriionbyo
qgui red.A ecarcittiiocmad indogfe smetcddeed g anréiolryma triiosnk addoro u-
acci dent .Horwebvaebri,| iat yri sk metric is also a ¢
Often the purpose of the metric sicssntehehicd a:
regaidefinition of a tbivas bkbdelcteim@blodreb ®irc alln.d
Examples for a classification in major Natu
tional Tests (FOTA. are given in Appendi X

Al l smebhandl ed in this dissertation descri be
Scenes were the action itself is easy but t
di fficult are not considered. Aerextmel acwi
l evel I's not hecawcse ydriindfilmgnsedaAmbat s-mi gh
ba®®defines al atytettasidecfompios e FihgeiSde amdngrit a
cality coul d besMeetsrcird sbhb eadn oanc taildn g elveev e | ar
tdescribe risk, as insufficient behavior or
A | ate detection of a front object coul d be

sul tns emeragency braking on action | evel

| Information

Layer 0: Information Access

Accessible Information

€

Layer 1: Information Reception

Sensor Raw Data

€

Layer 2: Information Processing

€

Scene

Layer 3: Situational Understanding

Situation Model

e

Layer 4: Behavioral Decision

e

Trajectory

Layer 5: Action

i Vehicle Motion

Figure1-5 Decomposition levef&

19 Amersbach, C.; Winner, H.: Functional Decompaosit{2017).

20 Amersbach, C.; Winner, H.: Funktionale Dekorsion (2018).az; b: p.4
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125 Coordinate Systems and Notation

| n t hitswot hdeisfiide, rmemtCiaonh @b baditneame ssyeswaskd

coordinate system that i's used to describe p
(hori zegwelziedl)e coordi nat e s yosft eonb jiehcadd alteisccrmr i
to the vehithlee azxsewel @aciavin@ehod|l egand object.
position of an objects always refers to the g

yaw angle must be known in order to describe
it is necessheyweendt heet wnt c abefdirneastded -syst em
cle centewéorswoeréomm centered system i s indica
abhe depkicg bdeei.@mf.or -paonsixt i on i n world coordi n;
angle is assumed to be zero, yaw angl e and co
of thehdgde is zero.

1

Object2 |

Object 1 T \'
L —

v

Figurel-6 Coodinate systems

n addition to the twa €arviebki aaeacwiotohditdhaah @t 6

I

i ndcé s | retdr oslaisct 3.dhe8 road curvature is used fo
in order tamddfef idaiievnitnlgy tthat f ol |l ows the | ane
tur e.

10



2St adfe t hRee gawritr emeAps and
proaches for Safety Valid

Thickamtneal yzes the currenkf rssttat et hoef csuarfreetnyt
and requi rdesmeAnDt3s+ taorweanr@onrmhp agtioscertd her t echnol
dr a®wecptnhde state of the art of safety wvalid
turwed h focus on risk metrics.

21 HowafieSafe ERough

I n t hi s tshueb cbhaaspitse tfjoan tdfe sdeffatny requi rement
|l ication for the derivation of safety requi
fundament al basis for safety requbefeaneat a
compawi sbe@uriegements in aviation and phar mac

211 Exi sting Considerations for AD3+

't i s broadADl3sahsasilumeidn ctrheaats pubhecsabatlg anc
number of traffic victi mslheonmmpeadriecd tCoo mhmi mar
md ed and Connected Driving of tshatti@athman F:
|l icensing of automated systems is not just
di mi nution in harm compared with bhdouneanofdr i
ri &kBsesi des emeing , stoa her approaches exi st :

Wachenfel daliinmirtoeddu cfést hat ud tsi ahismi tcead |ierdt rro
ti®)where AD3+ is isufbpdopbpefit wbtthoati hIl with
of sugafratodrr. i idie adnids ttahnecfea @oeni d ehret ssol ar s er i e
moni tgaiendi ng additional k n oaw de digdee aalbloyu ta It lhoev
vehicles t,bebaudeptbgedncertainty oflet he s
creases.

2! Federal Ministry of Transport and Digital Infrastructure: Report of the Ethics Commission (2017), p. 4.
22\Wachenfeld, W. H.: Dissetian, How Stochastic can Help to Introduce AD (2017), pp. 102ff.
2 Winner, H.; Wachenfeld, W.: Riskmited Introduction of Automated Driving, (2017).

11



2State of the art Requirements and Approaches

Kal r a*eevtenals.uggest that with the deployment of
opment of the systems due to the gained knowl
i n machine |l earning. Hence, AD®S3r+ scafudtdy,h b ea sisnutr
a certain i mprovemeretndrtalhe P¥est eml| wawgled duwmt gd
dridweae to this | earning effect. I f the i mprov.
the cost of a higher irainsAk bdalraencctel yo fafrtiesrk tthhea
total, compared to a delayed and careful I nt |
risk.

Though, the approacheés oot Kpkeamanh dnadf dmedtenf el
introduNe¢éventthhedyescso not contradict the abover

ics commi ssion, becausasi nhreasayesd esnafuétty . matel y
Anot her queot eval umitfetowi n di ffermamthpeadwer i ty
sible thatt dfmien@rc c avdoeunldtecmteesase dr amaticall vy, b
racfmore sevemwsmudecrda®messuldyests that a reduc
accidents typically results in a reduction of
Hy®@ itarngHiewever, it is possible tHRodsdgihblse doe:
reasons include minor aspeddnmandueet® UNneRmpER
or {ieglmcity crashes wintehgoauti vker aokbisfilggeadruset dted efce
would increase the minor accident rate with

woul d | ead to t hree paptpiowsd tkeet adt itchre dmllysehapper
To cope with the different mpaeerirtyy alppvelagsh V
vated from insurance practiceédtsoappmmbicme i ome
consequences is fu4tkhe2 discussed in section

212 Fundamental Safet® Requirements

This sectionidesappsesachesmaino describe risk |
requirements is challenging in nature as the
ing forlt hidshaurddrroant ed smal |l excur si on:

The recent publ i cadlieotdit sotfi €tahyea iCHefrinegeno r R esd earn i |
in average | ife expectancy of newborns. Since

2 Kalra, N.; Groves, D. G.: The Enemy of Good (2017).

25 Hydén, C.: Method for tréit safety evaluation (1987).

26 \Wachenfeld, W.; Winner, H.: The Release of Autonomous Vehicles (2016), p. 426.
2"Wachenfeld, W. H.: Dissertation, How Stochastic can Help to Introduce AD (2017), pp. 26ff.

28 This section and its subectionds taken from Junietz, P. et al.: Macroscopic Risk Requirements (26d9)
only modified slightly.

29 Destatis: Kohortenstbertafeln fur Deutschland (2017).
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71, we observed a doubling of the average
e very luckwywewi t hBaothi 38 dewolliopt o daily me
e are not only very skeptical about techr
cts that are obviously responsi bl & ofror tF

ampl al maddcagri chdd pitcean e@&d wd mae omampl e,
de radiation and air pollution byhei-nsd udset r
fects of medici ne, ctomd raodingsaungpetriimans ieohf a ghyeea
oxXxinramgd regggs, etc.

vertheless, the f het stoosnprmank ufr b f cdienme bl Vv e
r maaryd this 1 s representartd vea rfdoiro viansdcuusltar
th 39%, foll ovwead |llyy 26d@0n aard ,iwsiemEiséesspie hanar
d digestive system with 7% amnd u4%wl Ictause
ath, i.e. mainly suicid&és mRmadmatccée dreexd isc a
ew t hemudti s egima diti negs trhead myk ikndg,!| awer wei g
ood pressure, diabetes, and physical I nac

d to prevent the consequences but why are
e we so concerned regarding other factor:

ourselves? Why do our risk perc(eqpamp.n ar
i t3s che

ere i s doibsvdroeupsdnycya bet wegnr iobhsscanvehyg en
eir perception and acceptance by individil
rtant for that purpose, among other thincg
not, whet her they afnadlelwhaetmenrs drmeael rb erke fi
reover, risk peroepmuinGfEdemwmeands on ri sk

have t o,wahsekt hoeurr sietl viess even possible to de
at t heemrwesseqgf the described difficulties
r the introduction of new, compl ex technc

g.

2121 Quantitative Risk Assessment

Th
Fi

e waaaltitative risk datynttmens Bevekityghos:
g2X(el eddute) to the double |l ogarithmic scal e,

30 Destatis: Pressemitteilung Nr. 022 (2017).

31 Destatis: GesundheifTodesursachen in Deutschland (2017).

32 Fritzsche, A. F.: Wie sicher leben wif986).a: pp.13; b:-

33 Grunwald, A.: Societal Risk Constellations (2016).

34 Slovic, P.: The perception of risk (2011).
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2State of theamadtARpgwaclkenenter Safety Validat

Consi dédaed nwgr r ence of wunintended e veen(tssev(efrr-egu

itydeall y two .arlemast haer eg rdeeefn naerdea, the system
sponding risk is accepted. I n the red area, t
ri sk is not acceptedit wlbheea sb drsd errloibme | bye thvod e rs h
be a kind of transition area.

Al t hough this simple definition is very wusefu
ance industry, It neglects aspects | i ke avers
ad personal benefit, which are relevant for r
and society. Il ntensive research on risk perce

hal f of the | ast century. Di f f sbkeennetf ia u tchoonrsst ed
lations i n (veaugloauSr3tsu @idh £ &n A ¢ hKPne tSAHamr

Welfd Fritzsche discussed risk acceptance rel a
on daheve menuWdoeSsldovi ¢ coras lilndsas neoirmi Iraercent ,
publ i%Tatier es ulstusmmearréFz g@&2. ienlitnties esting that bot
conclude similar risk numbers despité the maj
be that risk perception studies reached their
pow&duni efPfguggesat.correcting theomumbershangaé
in mort.ality rate

For voluntary activhei aws] | Fnghesehéof aocodptha
ited, depending on the experienced personal b
ri sk sport or other | eisure acloheiltaites, aec.tg.v-
ities areri mpdeepet ftnderstanding of the subj
investigated in this field and there is a con
tality risk»® partpersosondeandfyddr, for exampl e
and insurance companies, onr dlhet ed er ihsakngd . a rCen
bridge the gap between voluntary and involunt

35 Douglas, M.; Wildavsky, A.: How can we know the risks we face? (1982).

36 Crouch, E. A.; Wilson, R.: Risk/benefit analysis (1982).

37 Gibson, S. B.: Risk criteria in hazard analysis (1976).

38 Kinchin, G. H.: Design Criteria, Concepts and Features Important to Safety and Licensing. ANS (1979).
39Kletz, T. A.: Hazard analysis, its application to risks to the public at large (1978).

40 Starr, C.: Social benefit versus technological risk (1969).

41 starr, C.: Benefitost relationships in sociechnical systems (1971).

42\Webb, G. A.; McLean, A. S.: Insignificant levels of dose (1977).

43 Fritzsche, A. F.: Wie sicher leben wifP986).

44 Slovic, P.: The perception of risk (2011).

45 Junietz, P. et al.: Macroscopic Safety Requirements for Highly Automateth@(¢R®019), 7.
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Fritzsche found that for involuntary risks,
craslaccepeance | evel I' s an orrdeelra toefd nmwaigsnkist.L
over, acceptance decr eaisfest haenortihsekr iosr deea u soe
nol ogy, e. g. chemical i ndustry or nxpelrear g
enced personal benefit of those technol ogi e
the | ow degnee mohasebh or rather controll a
portant role for the | ow dgcdptgdnaoe mbevelfa
( seveNeivteyr)tthlreed essuyudi es Fi g@-hma otmhzaetd iith i s ge
possible to deal with risk, rimkhnperception
To I emment safety requirements based on ri sk
vel oped in different application areas. Bec
traffic, 1t is wuseful to refer t oopnneen tCENNEL
this standard has been started in the 199060
ri sk analysis have been i mplemented and AL

duced as principles foraneslkexpmeadptiaanddr.e Th
Il nsgecti ons

2122 As | ow as reasonably practicable (ALARP

ALARP tries to assess what is technically

acceptance. Bet ween the two regions of gen
t hesrem it ol erance range where risk is undert:
ri sk must be made as | ow as reasonably prac

Derivati on iafodiri eptpliyy gabé® because EN 5012¢
values famageren &ldl vnd broadly accepted ri.

ample Risk & Reliabilit?4 Alshseo ctivaa eksgly edled vi evle
|l ocarednd road deatperstpadrissan casn d aypeoaurt) 1a0n d
stecrku by | ight'piemgpeakbont ahd year) . I f somet
driving a car, the risk is unacceptable. | f

l i ghtning, not requi r.ed nt ot hbee rrasndguet ebde tfwiegetnh
cost benefit studies are appropriate to re
Especially thi<olrowesrpoAldASARR elriymivtel | wi t h t
maj or technol dcdgyw2fiesks shown in

46 Risk & Reliability Associates Pty Ltd, Consulting Engineers: Risk and Reliability (2004).
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2123 Mi ni mumdogenous (MMEM)al i ty

MEM i s bas-ahdumgemaegti c MorAlat hdawygh attlees absol

of the mortality rates change with birth coho
wel | siagniaf i cant mi ni mum ,atwha nc had dépOecafb paebrosuotn 1 0
and .yelahre rel ated mortality at an age of 10 vy

mort &l i Tly@ MEM principle demands thaitba new s
ute to the existing minimum endogenous mort al
risk due to a certain tekhthfnitctad miyrsit mmm marsdog
mortalbnsygdbat ngeopl e are nor malll yt eecxhpnoi sceadl tsoy ¢
tems. Thi s antecaenpstnatbhieet duak ri sk ofi 2. 5%IrQ ain t
per person and ayjtesrt, mohreamlugdgiyng ates as a basi
rates frolmhitshe a8 Quées )c.orresponds very well witt
voluntary Figkaeshown 1in

2124 Gl obal ement au moins)®aussi bon ( GAMAB

GAMAB, (or GAME gl obal ement au moins ®quivale

ence of a r efiecruernrdeanctslgypt eth weshdual risks. Ac:¢
resi dual ri sekws sgyssuseerd nuysta nmt exceed those o
ot her words: a new system must offer a | evel

of fered by any equiewmaltaqrtc esxsiagtyi ngp 9 ystngam.fy t
equi val enitng system.

Looking for the acceptable risk of highly aul
accordi ng,tthoe GAIMA®&mnqtu irviaslke notf exi sting system
tionnaecdsa t o .beTo ddeerrtiivie edoneretpsd afn@rea cacesgpasn rr o | |
hi ghway pilot, thAutolaBEmnthngr mak aaf | Garera mg
bl2dds hoawser age di stances between two accidents
tdSO 28@WEver, for other AD3+ systems, there
cause -cdahsee uvisse noobdaegbherceéd Hyeet .

47 Destatis: Kohortensterbertafeln fiir Deutschland (2017).

48 Although the mortalitystatistics does not differentiate between endogsand exogenous causes for the
death.

4 English generally at least as good as

16



2 How Safe i s Saf e

Tab2lldcci dent sAohofahman

Sevel SP6262 SAverage OIIjAccident ra
it | evel tween two Edistance
y this | evel

Fat a/S3 6 6AO°K m 1. BIPY k m

S . N

|i}/352 5 3 C1Pk m 1. 818% k m

| nj uS1 12 Ak m 8. MO¥ km
;’V{Jfl S0 7 .0k m 1 36107 k m

Fi g2Xk(eri ghotwlse obser vedodnad@édativdebreshunsr asteevser i t y
cording to I SO 26262. Comparing risks of
wei ghti ng olfe vehbesedviefrf,ertehnretre i s noBawmndar d
Hy@?® anWacheHfTehled | i nes ofFicgduiaes antharti $hei mif
ence between adjacent seveer,itoyr lienveoltsh eirs wool
accident wiashs efgastetrle mt hée shhes thewmeraint yacci den
sever e Homjewreirgs .t hat does not mean tkat a |
wor Bhe factor of taecncifdietnst tfo etqluee ncuwyr r evihti ¢ h
future e.g. due t o en hhansc eads spuanspseifvoen i$saagh edtwys.

of constant risk in current traffic, which
sectidpn 2t Re ri sk wild.l not be accepted abov
envel ope, the risk might be accepted. Bet we

with the ALARP tpaliemrcawpwtherzdam@eéskalksemuntl a be
desired and where each risk must be made as

|l i g2, ehe results of the application of th

di spl ayed heelrats&kd atceaeptance | i mitspodévithe
ousThyw i fferent approaches for the mortality
shows that the application of different ri
cosn stent results. On the other hand, it de
broad range of applicable acceptance criter

%0 Steininger, U. et al.: Validation of Assisted and Automated Driving (2016).

51 Baum, H. et al.: Volkswirtschaftliche Kten durch StraRenverkehrsunfalle in Deutschland (2010).
52 Hydén, C.: Method for traffic safety evaluation (1987).

53Wachenfeld, W. H.: Disstation, How Stochastic can Help to Introduce AD (2017), pp. 26ff.
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Risk = Frequency x Severity
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Individual mortality risk per person per year
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10 10 10 10 10 10 10 10 10
Major technology —
Involuntary
Jobrelated
Voluntary se— acceptalple *
ALARP lower limit ALARP upper limit
MEM/20 MEM
GAMAB

Fi g22Aeppl i cation of different risk acceptAtneienprinciople
inger &ndbaveFeld tms cGPAeMAB i s basedannc b haood sssk dhoing hGrear yns

MEM is based on the current mortality tables

Consi déringnpact of voluntary exposure, differ
gui shed, for example users of highly automat ¢
pats. &dcompdryi son wi t hi eostpheecri atl e cyh nootlhoegri etsr af f i

54 Steininger, U. et al.: Validation of Assisted and Automated Driving (2016).
5 Schoner, HP.: Challenges and Approaches for Testing of Highly Automated Vehicles (2014).

56 Steininger, U.; Wech, L.: Wie sicher ist sicher genug? Sicherheit und Risiko zwischen Wunsch und Wirk-
lichkeit (2013).

57 Fritzsche, A. F.: Wie sicher leben wir? (1986).
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technol ogies that delsdeems at dhilgeh peefswin.al Ac
crease in total mortality risdk iim telke elca std
and centuries. Therefore, risk acceptance n

213 I ntroduction Rtirskkda redjliimsgamer Domai

Aut omated driving challenging is not the or
tion. I n ntgihle& f dllilmogv andphaiismtbopref |l y di scus:
ampl e of odwiilmdudssons @ sittr aifsf i acn ostyhsetre m, wher e 1
tomation was introduced in the past. Phar

wei ghtiistkg and benefits imedirluacsi easfifdeee t aus e e

2131 Phar maceutical-ARalskgdB8enefit

When introducing new medicines t-analhys emsa rik:
mandatory and establ i sihceall. sSlttudise s yipn ccad mpya
ment (absolute risk/benefit) and t r’at-ment
ditionally, the supervision of the product
t he ri sk/ bemefoidtu ccth annegeedss, utatohedole d @ anal ogy
of automated driving, this would mean a sup
not meet the requirements, a mandatory wupd
woul gemapor example, if side effects become
studies before market introduction.

Anot her aspect is product Iliability. For ph
abl e when damages oa@zcwaepttadhmlte adier icnogn sti dee r re
Even more, if the threats were not consider
the results (e.g. because the occurrence r &
is no Fiability.

Theris no mandatory quantitative measure fo
weighting the different factors is chall eng
ysis shall be assessed using socni einit i &e rcmafni
(A84(2) RH. 1t AMGal so practice weighing fa
but benefit4 aitmlciPibteewmesesn,ont he i mtirlod uvecvteino
influen#vy pasaserhave no direct benefit. I n

8 Hart, D.: Die Nutzen/RisikdAbwagung im Arzneimittelrecht (2005).
%9 Besch, V.: Produkthaftung fur fehlerhafte Agimittel (2000), p. 54.a: p. 54; b: p. 58; c: pp:62L
0 Dieppe, P. et al.: Balancing benefits and harms (2004).
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individual. Therefore, it is questionable i f 1
i's reasonabl e.

I f the same | ogd+, wehaet awopulidk dnd aon AtDhat a r i sk

conducted comparing additional ri sks e.g. due
ing accidents. Similar to pharmaceutics, it i
beforienttripeducti on. Hence, a fiagledvaduwtghtei | | ance
ri sk/ benefit analysis atwoal delgioddnnrmmab aisfi sne w h e
ri sks occur that do not change the overal/l as

2132 New Technol oginés in Aviatio

Il n avi gptaissrengers are exposed to a technical
Al t hough severe accidents happen, its safety
has become increasi,algti lyoagh oms daengde snspsayr ldaltde pa s t
t 8AE | evel 2 because t hogwewer ,suipterivd sreat bdsi rt
rable because the safe state is very difficul
sated by reaction ti men tah aDe lei stloestuhael |lyo nl go ntgrea
di stance and the fact thaofhcandehasdimogi | gc bk
are typically given per flight asdenetr eper tr
strictly rleepcotretde di nanad dcactlabase, so we have eve
to roafiotcampacefannthl maveksage person, the a
and the number of Onlei gfhattsalp earc cyiedaern ti sh aupspesd.s
mi Inl ifd®% gWi sh a typical exposure of two flight
woul d be | ower than thfehamds&botit i orvnel ondar yote
|l ower than driving on a highwayl dHbweegposwidt
to a risk that is in the same order of magnit
par aibfl eonl y Adurtiovbiamhgc oomsi der ed. However, user s
types of roadc.ciilteqatr edsredhenrf a@farmagni tude hi ghe
the superior reputafAddntobnaltltytractidenssjast

much more frequent in vehicles traffic compar
As mentioned before, avitad matne ch asv ébre ctohme p agtr
The detailed collection of data in aviation
which was summar i z%°d Absy dAeFpiilbcBt3eediwrnidnths tervieeg y i nt
ductiontethagpedrmearyati on, the fatal accident r a
hi gher than state of the art. Due to the | ow

61 This sectionis taken from Junietz, P. et al.: Macroscopic Risk Requirements)2019

52 Airbus: Commercial Aviation Accidents 195816 (2017).
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cannot be obserwmedNaemethbet esal abeli
eficial to society in total
generaacthiidertve dl owest acci

datrodu
because after
dent rate of al |l

Judging from this dat ar,e nreawt gteemetread i iomsa owa
tically that the system is superior to the
knowl edgenawysatemdhse behavior i

s incompl ete
reduce the WADBrosvbhatli ¢teikeing i s neither ec
necessary because the strict supervision of
of csicsneal accidents. However, the highest
still codplEeabl e2toso human error is stildl
accident rate occurred wiittbheeerhesenof oflubaws oo
ma c hii mteer acti on or in the technology itself

10 year moving average fatal accident rate by aircraft generation
Accidents per million flight departures

First generation Second generation Third generation . Fourth generation

12.0

10.0 x
1
8.0 L
1

6.0

4.0 —
\\

2.0 :

15

1.0 \

0.5

‘Source: Airbus “A statistical analysis of commercial aviafion accidents 1958-2016"

Fi g23Feat al accidents with different generations of a
|l ess than one mi/l on flights a year. First generat.

| i
grated Auto FdigeédneSytsit@em; Glhdasmsa gcadydsnitietm, araed uFlt ihg lyte |
ti onByWrirye with fligh® envelope protection.

83 Airbus: Commercial Aviation Acdients 1958016 (2017), p. 17.
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214 Summafrgr Exi sting Saf®%®ty Requirement

Most approaches try to define safety requirem
society while reqgareemdntesnn aofegil edieddudloswever
that establish risk acceptance criteria depen
benefits.

Comparing the risks in othaetrddmatnesnshboaesrib
than expected. Additionally, i n-ewlad ruma d ewnt iod s
the risk is mandatory. Il n aviati odne accoculdde nt s
argue that it assyseéemi claht tiosreodeaboews-t ed i n
ever, one could &lisgsestar gue itshe npppocssibtlilee. t o ¢
operating in an uncontrol Iseth déd&mnidrhoantmetnhte bteecsat
was naet odwarThese Aunknown unknownso cannot be
process would prevent t eocrhineinctaeld pdreovgerleospsmebnetc a
come i mpossible. It seems possible ifs not 1|ik
wi || behavteo i v iadMsiieom é alrd be aware of that po

i mprovement of the systsecreonienacaisdéenf. aAdei miclt :
is also expresse®™ @TyheKalenayafhMB@o olbbdsichi bacob
ri sk the |lives of many people because the sys

With a combined testing strategy of simulatio

it i's still unl i kel ysafoetcyomipé ed @es ea dvoagri } aVv a lpi
certain underlying assumptions. I n order to d
cidents, unsesxmpeetand mreiatri crelsses must be monit
in order t o fsiymsd efmM awsncilnudtibng i nfrastructure
chance to i mprove them.

Resequesst hanh can be derived for the definitiol
are discuss8&dlin subchapter

22 Saf ety VAalpipd ataicdire s

This subchapter discusses exi stTihneg faopcpurso aicsh eosr
the dynamic product test t handtégastddfOiumed i &s ea
cutable and ablabte®pesdiuce an assess

64 Parts of this subchapter are taken from Junietz et al.: Macroscopic Risk Requirements (2019)
85Kalra, N.; Groves, D. G.: The Enemy of Good (2017).

56 Norenberg, R.: Effizienter Regressionstest von-§y&temen (2012).

22



2.Xafety Validation

221 Cat egor i zDaytniaonmiecotfi ng of AD3+

I n order to compar et heheasds dssememtt megtphr cwdaa!hc
Juniefkseuslati.i s expl ai neAds btrhiiesf liys ian vtahliisd
esti matthceahedo®y p8B8Pfbsmaheeoverall target i ns
the fasctiinonesting . dhue itngstdeivel semamat ed i
with savene ssaltiatb2iZe ¢ hataiareed eixnplt he f ol |l ow
di mensiaomkedshesl ue for a full test approach.
approach should be justified and the conseq

Object undWhafTess (A)ted?

The ©Oudivi ded-di meosiwoassulFirst the OuT itse
with the whole vebBystempopr ooncempbeeant subve

equally valuable in order to estiamht ewheire- S
ever the test iIis not on vehiThe OeVedan Heea c
on different abstraction | evels (A.2). Thi s
the test in the rewadal iIOlLETy y asso fnook ta nvda | ti e — ovdhn
the trust in the result must be discussed.

Sti mul:dew(B¥ tested?

The Stimulus i s -dliimendseidonsntomonthaierei isqu bal | t
part of the OuT. For theéeltéesstcaperoeathcivio
coverage of all possi ble scenarios without
of test scenarios. A reduction could be ach
the surroundingsw{Bhaut Hbiweveeduetvéeon, t h
possible driving conditions due to a | ack
scenes. I f the test scopeaise,rddhiced ead.ug.t i
justifameyh.cdsnean tests are executed in an a
proving ground. This abstr-ddicmemani ofi (Be3)xti
Assessment( Clroiwt é rse cafs s e s

The assessment i s di wi doefd tihnet oa cdcii rdeecntt mne assk
using an estimated accident prTohbiasbiilsi toyf taennd
because of insufficient dat adtdo tdemi,ved han se
be ordi naar ait m shtesca@adulseef t he exact value is di

57 Junietz, P. et al.: Evaluation of Safety Validation Approaches (2018).
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Table2-2 Categories fothe Assessment &afety Validation Method’

Test dimension Sub-dimension Scale Full test approach
level

OuT OuT (A.1) nominal Whole vehicle

representive OuT abstraction level (A.2) | ordinaP Real entity

(A)

Stimulus (B) Used OuT knowledge fqg ordinaP Not any / ful coverag®
selection (B.1)
Used surround systel ordinaF Not any / full coveragde
knowledge (B.2)
Stimulus abstraction leVvg ordinal Real world

(B.3)
Assesment Abstraction of assessme| ordinal Accident risk/ SP
criterion (C) (direct or indirect) (C.1)

Assessment scale level (C.2 ordinal ratio

2 An improvement of the scale level to an interval scale level might be achievable due to an application of appropriatarseikats
(measurements, analyses etc.)

b Although full coverage might not be reached, it should be mentioned here for reasons of completeness.

222 Real Worl d Testing

Testing with a real vehicle in the real traff
proach i n di nmenn stihoen fAo lallhddeesBo.g| esdatt oon of th
guired testing strategy and effort for a full
di scussietds, swpypl e t o achieve a ful3ectteisan i n d
2.2dRs2usses existing studies that wuse critic
rion (C.1).

2221 Estimating the Effort for a Full Test App!
A ftuddt approach offers the chance of wvalid t
dri sicrsghd the test iIis deixecnt.Bdsdtanadaky@®&sci ent

quency of severe accicdécudnpnWithmemd ri maye doWetiat z e
more than 100 million km to prove superior sa
freqguerecvyeecefi dents. They assumed that the occu

di stributed, that the OuT ingd ian 5f% cetr rtowi & odsa
I f statistical proofoonfGar mad-actctebreoblghwhgh
required, the testing mbBli kllif%nail mar eaansde sP atdod om

58 Junietz, P. et al.: Evaluation of Safety Validation Approaches (2018), p. 3.
59 Winner, H.; Weitzel, A.: Die Freigabefalle des autonomen Fahrens (2011).

®Wachenfeld, W.; Winner, H.: The Release of Autonomous Vehicles (2016).
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2.Xafety Validation

calcul ate a si mfill awafoditighe age af o z etshé hdScal cu
ducing the atimatanice rmuwlcttiopl i ed with the ref

tance between fatal accidents) to deter mi ne
Fi g24ve suali zes the distance factor that 1is
desired error probability,. The steepness ¢

OuT compared to the reference a(ti mdepxr obod n cohf
creased safety also requires high mileage,
erence.

With typical di stances between fatal acci de
too high to all owpaod eocfo nseawfeentayivl ¥ hf aapebf ec
di stance factor of three i s ndlarciaved fbor tare
ax.i s

I nstead of field tests on random routes 1in
accordingchtad |Ilkemagwrs for the automation (e.d
supervised field test. So knowledge about t
result should be discussed.

| == ¢ <5 % proven better

I B e < 10 % proven better
i uncertain

| @ ¢ < 10 % proven worse,
| mmm ¢ <5 % proven worse
| 7&=; ¢ <1 % proven worse

Distance factor a 4

0 1 2 3 4 5 6
Number of counted events k

Fi g24De sc@ factor for differefM SP (modifie

"I Kalra et al.. How Many Miles of Driving Would Ttake? (2016).
2\Wachenfeld, W. H.: Dissertation, How Stochastic can Help to Introduce AD (2017), p. 47.a: p. 47; b: p. 78
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2222 Extrapol ating the AcciSdceenste Ri sk from Crit|

One of twkhkyheaseqgqsvi edi irsded alncworhlidg bt etshte ng i
| ow fregqguodrehgomf whi ch t hEas3SRri se veasl$ui ant@tbdens .i s
only to reduc,but ntealcsceeslttdiraagr eedsfomrsabbhor mahd tr ¢
ities afterbadasheddiienndr ordbumadnttsiaoenamg . of catcbsdenes,
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only few measurements from the environment. T
to accident probability, if the driver 1is ina

di fficulty of accident prevention.

Met Flt bat ctalH & ua adeial cotbilmén t hvee hdagrdeiemeB r a k e

(TTB) ;t Sltiereer aM DT IFKMme kdowme maxi mbm vaAalree met -
riics al so -c®¢é &(eldl.Rhememai n di fference to the af
i s tthey uidrec i nf or mati on abeovuetntti loen iff fainc ualctcyi doe
evehere is no informatmaneaoabert tthlee Adil Vieirc ulets

" Guo, F. et al.: Near Crashes as Crash Surrogate (2010).1@p. 9

" Forbes, T. W.: Human factors in highway design, operation and safety problems (1960).
> Hayward, J. C.: TTC (1972).

"¢ Gordon, T. J. et al.: Multivariate analysis (2013).

""Hillenbrand, J. et al.: Situation assessment algorithm (2005).

26



2.Xafety Validation

adaption to thebasedewenneéds@tdgels meuspi-ng tF

roasl measure for critical i toynotlbsniendg ntchree arseec
calwittyh i ncr.easing value
At |l eastmhoeubeakinghe metri cs®arneaq irrake deaa

numbBTNprovide inftonmatidodf facawty of the r e
required deceleration to prevent an acciden

ment of the involved vehicles, similar to t
with the malxy npads spihbylse cdadcel erati on that is
tion coefficient. However, It 1 s uncertain
probability is correlated with those metric
gi taldi #scenarios, where the accident 1 s prey
sdfsuggests a combined metric that calcul at €
object scenarios. However, all af @mpé medt i oin
scenes, where constant driving would result
thevedocle would miss each other are not c
Nevertheless, they might beutdi recal tbeoaaas

The Tiommeo-Easbunt e¥fc a(lTcTudEa)t es the time to the
vehicles with constant driving or other pre
t he -BProcsrto a-@h men tPIEAY ctalec utliarhee di fference b
| eaving an area and the next car entering t
two vehicles is calculated when the vehicle
Il ng scenari osbh.e Heonncsei,d ePETd caasn t he extensi on
scenari os.

A separate octasstbé meadsucsd emowd medathadf etth
a poswietrhouti any prediction of the scenario

the environment information is incomplete.
with basic sensor setups to reduce costs. L
cleds motion (e.g. acceleraftoonaaondi stealias
a single driver, the individual driving beh
rics are typically wused in the evaluation c

8Winner, H. et al.: MaRe fur den Sicherheitsgewinn von Fahrerassistenzsystemen (2013).
" Karlsson, R. et al.: Decision making for collision avoidance application (2004).

80 Brannstrom, M. et al.: Situation and threat assessment algorithm (2008).

81 Jansson, J.: Collision Avoidaad heory (2005).

8 Damerow, F.; Eggert, J.: Predictive risk maps (2014).

83 Allen, B. L. et al.: Analysis of traffic conflicts and collisions (1978).

27



2State of the art Requirements and Approaches

( NDS, e.®)y. o8SHRP2 Itce sotpse r(aFtOGTEh &1. tgy. pieawa lolIFYOTt oget
ot her metrics (As.ugmmalrTiG&)e.s Aphpee nudsiexd t hr eshol d:

treme maneuver . On an even |l arger %tcml e, acc
| ocate areas with increased braking activity.
Metrics that are used in trajectory planning

for -onbijl ¢t scenarios and cannot only rely on
suitableatr duéci ot g the -dehvchg, mvbsl enaebseth

due to the environment information.

Yf'separates trajectory planning methods into
field methods andl ropd a-mpsizat gneent hmaltshodsh.e predi
environment | ©t bétieth siesntpergaditeetded i n a previ ol

Geometrr ynaneuver based sam@yo nfgi nd suisti anlpll & aw
braking mane®ides csr.i bSecsh mtindeto fc oempaustiakd -t r aj ect o
object scenarios. Using the driving dynamic p
pending on the %pnaviarnentneernitz.e sStsihgimoni d curves t
trajectories. Sismirli dre da pbfya nRdo aednteerikr e d e

Sampling methods that wuse varying inputs for
complicated manbuvet hegmbhreratal enpsused for ass
scene

The most common i samndhaitkto Sfempbéng model I nput
generated at random f ol |l oWwhae gsarseglidviefnf edriesnttr iehb

sodes based on Btrhoeadihdi€mtsiseals atheneri ticality
comes, whemre tdhetirnpwtteda f ol [Eoiwdienhga lal naonrdmaPl e tde
scmdd an additional pr obati loitthye rdiostjreickt st ideerp

84 Hankey, J. M. et al.: Description of the SHRP 2 Naturalistic Database (2016).

85 Benmimoun M.: Automatisierte Klassifikation von Fahrsituationen (2015).

86 Stipancic, J. et al.: Vehicle manoeuvers as surrogate safety measures (2018).

87Yi, B.: Integrated planning and control for collision avoidance systems (2018),id8.10

88 Schmidt, C.: Fahrstrategien zur Unfallvermeidung (2014).

89 Stahlin, U.: Eingriffsentscheidung fir ein Fahrerassistenzsystem zur Unfallvermeidung (2008).
% Rodemerk, C. et al.: Development of a general criticality criterion (2012).

91 Kafer, E.: Situationsklassifikation und Bewegungsprognose in Verkehrssituationen (2013).

92 Mohamed, M.; Saunier, N.: Motion Prediction Methods for Surrogateysafelysis (2013).

93 Broadhurst, A. et al.: Monte carlo road safety reasoning (2005).

%4 Eidehall, A.; Petersson, L.: Statistical Threat Assessment for General Road Ga0®).

28



2. RafetytiVahi lpproa

t h
de
Zh
u

O 0o 0609y ++ —~+ o0 = T
O — o »w = T o

o]

n
me
b u
h o
st
pr
To
me
ro
S i
So

eir rel aNiitvhe Grassistiiaoain.di stri bution of I Ny
reeemted, so the computatiadndalpoefsfidrite itg &
ao Ygthealefore use the method of importanc
nction 1 s ruasreed Ativheaatt sft dhveorssampd s emgsedcrby it
| ati ve pr opforregda otnr aojfe catcocriideesn.t Though, one
trajectori dsotrfeatoraresgermsdirratight, but t
e difficuldtyeeftt hjgeateasn ibssto Trhee guar ant e
ajectories are included, especially in sc
a doulbhdmedqued.amer more, the effort increase
vered. To crogneg,ueSt utmpesr chaellEjyeshev pol ynomi
ed acceleration inputs and varying initieé
|l ity assessment i s used as feature for a
|l i tlyy diremtt he® initial position.

stead of sampling, the different future
t hods as %%l hEegyg eprrte seetntala. Gaussi an predic:
tions for | atercadali oandnldomgistuuw dvii vall @meadiy s
od of cohtnaji et brays eglr @edi cti on. Uncertain
eepness factor of the resul ti,agdaneswky edri st
edictiioniwerscert a

find the single best trajectory regardin
thods can be usseas @A posemiylpaiciad i b h-acedt
undi nghradf] leecd-tse h Oeplt @ groinzeatthioodns I ncl ude t he
on and <criticality in a joint cost funct
meti mes, constraints are ¥%%2to prevent t

22222Accident ri $é&xestragostbudioas

Th
de
i n
t h

e priyi mze case for aforementioned metrics

nt risk or at | eThsts tsdewniraaoenk demitn g r otbwadii ¢
g metrics toget herTowietxht reaxptorl aaptoel ketitHigotraycndfartd
e metri cs tdheesrcewisbriedd e a bsd tharmentah ggdz ed i, n t hi s

9 Zhao, D. et al.: Evaluation of lasghange scenarios based on importance sampling techniques (2017).

% Stumper, D. et al.: Towards Characterization of Driv@igations (2016).

9 Stumper, D.Dietmayer, K.: Towards Criticality Characterization of Situational Space (2018).

% Eggert, J.: Predictive risk estimation for intelligent adas functions (2014).

% Eggert, J.: Risk estimation for driving support and behavior planning in intelligent vehicles (2018).

100vij, B. et al.: Real time integrated vehicle dynamics control and trajectory pta(2016).

101 Arrigoni, S. et al.: Safety path planner with collision risk estimation (2016).

102Ulbrich, S.; Maurer, M.: Towards tactical lane change bimalanning for automated vehicles (2015).

29



2State of the art Requirements and Approaches

highlightiongattdepmesi bt sl heo rnsvequendeosd.s ar e c
met hods and staofséexcmémexvalpes ati on

Stipanhéautsceorrel ation betweelr dalhienqqumbre sv eorfs
l ected from BMammaetpbdosewidbbhfaahkd®@mdel eralta i -

fied as fAhigh br aloifngnoegded|sthsads,s ifidhci cgetl earsactei | oenr a -
tion eventso. Es ptelt@oarlrieyl adti onnthen sveeet®mi anhse, fr
events awidtlrasBpsarmandés rank coOr &l ataison cc
obsesvugdeanoinrod ored @wtuston ongliyrgd eopne ntdhlrer sl ect ed
ol d fanpderamet ers of the GPSseéatatintédgncodpph owa h
inconclusi ve.

Songchitr uK%fai rasntd sTuagHEkebs t&aneTheesoirnyg ( EVT) t o de
crash fr eqcureintciiceastTshieyy nmessed PET t o analyze con
turn i nsccanesBomgmost eyreoasrs i anvgesr,a gteh eo ff ocuarl | i sii
95% confidence interval bbrtsemebBeonssdaeageunt
overestimatriescnh ssomantdcowrddhe ot @ovahseaseume t ha
values of PET caoswomectuh idnf def esac etnhinehreer einst nro
not omeluati on bet webBowPEZ&ppadadwak uabl e met hod
extraaponlgr afhie frequesnoopwtriThet adt hour key consi
application of EVT:

Al. Crash proximity measure corresponding wit
must be defined.

2.A valid crash proximity measareomust be o
tinuous characterisfreetbaeraanonsepass e
as characterize a collision.

3.A definitive boundacrrya sbhe tmuesetn ecxriassth. and

4. The risk estimation -maethadodfiptuldei ncl ud:
choifcer dvtaHerechoi ce of a threshold for a

tignsgnd identification of nonstationar.
at el o

The first icronmaideircaidbmwinbhe desi gnaaifigfctran i cal i
neglected. The typepedhndstltceudeeadtl i @rl d d it oytpeeds o f
dents shall obre npoerestl hat edddoees all types of a

103 stipancic, J. et al.: Vehicle manoeuvers as surrogate safety measures (2018).

104 Songchitruksa, P.; Tarko, A. P.: The EVT approach to safgttynation (2006).a; b: p. 821

30



2.Xafety Validation

Guo ®tanall yzedaskraeven@asrDSMheé hmetli0iOcs t hat
t he -cnreaasrh wer e met rdrcisvaecrh@sbn maaposéet her i (
rat e) alrhce yT T ®.u ncda utsheasta egfrfasdss s o f o uvarda s ne sn eaanr d
nal yzed d&iixt rcaacutsiceasnce( ,ttircadd m ¢ iitgyhw e atghnedr

I sabad t r urchteiyo nf poaurnrde laat itdhre U & tewerem coyf onfe aorc c u
rashes amdact¢tt ashHosweateadgortihessrterlodnegpleynd b np

n the scerdnica (we.td. | eardasvhe hilchl-veeh a3s8h0e noeicamr
l i ct:-crdaBs hneaXhi sr & aly)g .enrsettsrmacys ame ttshoep hi st i c e
nough, & .Cc@.n escorlivteidc ably ot h eagn bvyerhii rtd re sd roirv e re
rneot detected.

onasson HwahaRyattd®mata from the same stud
enacitiot iacabndyp|B¥dd t o esdstimakiasschearfrom
sschsT@ey estimated t he <€irmsds tipeiakd anlri Inietay
endHdowevestrilki mgacr a-s hes k a nsgc ethfeidti ticlea te

e probabidliatrygeirs tha,m ttihrme esti matesehefhe a
rirmdsl| ow movi ng tcrr afeftiec,ir twelidr le® | higfhegtam end f i c
e circumst anc esysoof tthhee ntertirtiiccsasld eshtaepnne avpaprl
t Waills.ed theirtmeetiodo!l adydfys BAuisf onbga bdiat a f |
SHRP2The resul't i's i n the Aafmer tohmareri rodi areat
di screpancy of the predictitohne ceonmp atrgetdo ftnol TtC
a comparable critetaveleccoompy Wit estidreielta ral

O +T 0O —*+un O un o 9 o "T0o0 0O < Y
o cCcC TS0 T O

neces®arcyion time or TTB develops as foll ov
foe oLl oAl g, Cedl @1
Uoail G Q ¢ Q
TTB has a avtmpenembpbdbhti onal nmuobtd hree ded ead it
zero tacplevendton. This is not covered by T°
ferent relative velocities are incomparable

Gor don®feitr satl .\amraicywe® d crailfistry Inaente departure
SHRP2 ND&. sUwitrigti $Seenmit hgldy cdhid eldat,ed hRegr e
i denfTiTELs diiehmet f oot otf ptehdieehe number of | a
crasfhheesy used EVT €Coged heomwat &6d TiTkEe esti mat
ture events whadhc ctuhrer eedv eonnt sa tomoakto s or gedahs gh
cordi ngs ttiomateep ar twierr e ebeornutts seven taekesalmor

105Guo, F. et al.: Near Crashes as Crash Surrogate (2010), p. 9.

106 Jonasson, J. K.; Rootzén, H.: Internal validation of weashes in naturalistic driving studies (2014).
107Najm, W. G. et al.: Analsis of light vehicle crashes and amash scenarios (2003).

108 Junietz, Pet al.: Metrik zur Bewertung der Kritikalitat von Verkehrssituationen ‘saénarien (2017).

109Gordon, T. J. et al.: Multivariatenalysis (2013).

31



2State of the art Requirements and Approaches

|l ane departur Bloweuviedenhot aneeeceersys d taenhey adbteepraerst u r
dernrth.er elfToBE&o,nt r taldehddresch si der ati on from Songchi't
(see ,aldadseag)e i s no clear | imit TheuTmEGBowhen a
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gory stimulus (B.1 and B.2). Additionally, th
the representation of the environment is art:.
the conditionk emouwhe bestarguadk.i f deviati on
the testlnresuldutlati on, the environment is di sc
mati on about material and surface entities thé

ing groumelsvari ety of the scenario might be |
al ways the same and the test track only offer
of thekenreiancul ati on the OuT is absad axs evde lalnd

119 ShalevShwartz, S. et al.: On a Formal Model of Safe and ScalablalBelfig Cars (2017).
120Rizaldi, A.et al.: A Formally Verified Checker of the Safe Distance Traffic Rules (2016).
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(A.R9pecially modelling sensors together wi
fects is still unsolved as su?marized for F

Scenlhased testidgntnivibtatesomhhef ietweasctu s cae ncaor
trolled gnandonmenassessmeme prfojtédet nREGA S

collect driving scenarios i nFiag2bade abhasgenar
met hod i s deptetdedntbtthsesemarn parts: t he
formation sources, the dat abase wheesrsemednitf f e
and testingiprbased, owht blen s@lelnat hopeapaba:s
gr dnse s eiasr crhequi red that i s out of scope of
especially on the ushasdd MieRstmeng.i cs i n sce
Mi R metrics can be applied in two substeps
of clrissdecmari os and second, i n the assessme
sessment of test runs towards the estimatio
scenario is artificial and a humbhe Ohr aartat
avoid it. 1t remains unknown -wWwowl dfdeinvi he.
the test scenarios are |ikely known during
function and testing onvegr edhti maeatti e ed8P.sc

Therefore, scenario based testing is eligib
i ng functions or human drivers but not nec
handl|l edfaeeidanthi gh constdéehcéeei esSERbmi ghe
number of scenarios and the coverage of rea
test process should be qual i2f i2e d&d,n whhiec hif owill

seti ons, the scenario identification wil!/
means. Besides the extraction from dat a, S
about the system and its surrownmdiorsgd hart )
all possible driving scene.

21Holder, M. et al.: Measurements revealing Challenges in Radar Sensolingdqa618).

122 pEGASUS stands fderoject for theEstablishment oGenerallyAccepted quality criteria, tools and meth-
ods as well asScenarios andSituations for the release of highlutomated driving functions
https://www.pegasusprojekt.de
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PEGASUS Method for Assessment of Highly Automated Driving Function (HAD-F) VG —
PEGASUS

Assessment of Highly Automated Driving Function (incl. Human) Database

n
[‘

. Test HAD-F:
Evaluation

and
Classificatiol

Simulation
Proving Ground
Real World Drive

Space of Logical
Test Cases

juswazers
Aizges
s3ynsay 1oL
eyeq 1531
S3sE) 1S3L

Extended
Data Knowledge:

I.& Knowledge 1 Laws, . 77
> Standards, . . . Logical Scenarios
H Guidelines, ... Systematic Identification of +
' o
Scenarios Parameter Space
<

Existing Data/ |

Knowledge | = —
x
Preprocessing / Ap;:lcatllon of Me:ricls +
Reconstruction am;cl;gn :cril ‘I;:g ca

Source of Information Evaluation & Conversion for Database m

Data Processing Scenario Compilation

ﬁ Data / Content

| Procedure

Figure2-6 Scenariebasedestingapproach in PEGASUS projéétafter Wachenfeld et af

2241 Il denti fi cEhowhetigem

Test Scenarios cangdkoderihedsysbpemkoowli ee o0 cc«
di t.iPorssi bl e approachesriitnivcoald$\wesdinte@avekenagrmenl yses ¢
from human dr heean autwafrifes fcfoibao fi n a hazard anal
sessment (HARAHS®D8682868geBykpgesett amdproenti fic
ceasedlARAhey argue that it is impossible to f
for AD3+ ftrooda yd@edt fai co.f The wunderlying causes f

intocthgdedeas:t i s t henviinrfolounreennchee osfy sttheem,e meani n
ystem is unable to handle the environment <co
erception occur. Second is theritntipantses. ofl h
riving behavior of AD3+ might differ from th
re used to. Mi sunder standings e. g. due to pa

uence causing distresAsD3i+n Mhethmmard dirl itv entag ed ryo u
ccidents. The t hcauds gdiorntpe rcdocattiaocan shoeehravtedeos t h e
ntdhe driver w9khibBepacuit almay edhe so call ed mode
which the dri ver iasctuinvaewaorre nioftAtnhiegrhsty sboteece MR A s

v D O Y O T ”

12ZPEGASUS Symposium: Approach@onsistency (2017).
24Wachenfeld, W. et al.: Safety Assurance basedro®bjective Identification of Scenarios (2016).

125Biker, M. et al.: Identifikation von Automationsrisiken hochautomatischer Fahrfunktionen (2019).
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underlying causes in scenarios are derived
pecially for the first two groups of under/|
deri ved. rTohne trhees utlhtisr dd group could be used
chine i nterfaces.

Even when core entities of a scenari o are

concrete scenarios because of thé&®%amiadtly zreum
typical sswegredtosmbbenodt af possi ble scenarios
opbmassuming reasonabl e discretization step
moving objects andAenapp owaaehttotmeon dhiet chas | e
scenari o numbers that cannot be generated o
ont oltohgaitesare abl e to generate r edlaigstcihd ks c
et asluggest an o#atyoel ro gnw dubstipi ic g 27d&Tihne mode l

does not include digital information yet, |
al®The entities in the scenartihoata rper eavbehngte cpthe
i mpossible combinations of scenarios and de
to traffic Théeesoédodrl eoée) consists of el eme
l ines for possi bl e ¥ (ofaudt oFbaeaghenlicghsneafhstir crooutl adr wbe
adapted in case deviation fnomhehesérbhayout
ot her static elements such as boundaries o
each other describedtwithh | agiecalcoandmashisaitm
tion of the previous | awdiacthuyg Smenstmgad e€iom sttt
cited pulml itoaet fourth | ayer, all static and
maneuvers ana ddaehCoamtlstharriao mt 6 prevent accid
maneuvers (e.g. overt d&kieng idn ht Heayeirghtncl @
l i ght omndig@armantsr ai nts prevent combination of

d TThdegp.y er s are connected |l ogically, e. g.

ng the ontology with | ess than 1000 attr
nerated automatically. However, ascoomel et
scretization is finite amnhyethaineeitgihr.o Cea n
ntl vy, environment entitreélpgoatcthvasrffaoee st
ver ed

c
7

126 Amersbach, C.; Winner, H.: Funktionale Dekomposition (2018).

127 Bagschik, G. et al.: Ontology based scene creation (2018).

128 Bagschik, G. et al.: Wissensbasierte Szenariengenerierung (2018).

129 Sauerbier, J. et al.: Definition von Szenarien zur Absicherung automatisierter Fahrfunktionen (2019).

130 Forschungsgesellschaft fur StraRen und Verkehrswesen: Anlage von Autobahnen (2009).
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ﬂ Road-level (L1) A

. * Geometry, topology
e Quality, boundaries (surface)

Traffic infrastructure (L2)

* Boundaries (structural)
g * Traffic signs, elevated barriers

& Temporary manipulation of L1 and L2 (L3)

¢ Geometry, topology (overlaid)
> * Time frame > 1 day

g Objects (L4)
b ¢ Static, dynamic, movable
} ¢ Interactions, maneuvers

’ ™ Environment (L5)
¢ Weather, lighting and other surrounding
22 S conditions v

Figure2-7 5-layer ontology by Bgschik et al*! adopted from Schultf

SJBAE| usamila( suolnoelalu|

2242 | denti fication from Dat a

Besides the scenario generation from knowl edc¢

mi ght be to gather i nformation aalrauwts tthheatr ealree
identified from knowledge. ThecarmrabBengemset htae
usionngt ol ogi es, but without, atntyeiirnfiompnartti aamc ea bo

wei g.fFftoed t hi s pur po¥eo lKred teaws kti dajt@acalisi ng a di
i mage prTohcee soscicnugr.r encesuaheasf | maregchange can
and the |likelihood of whole scenar-toafdéerci ved
As the likelihood of ADP8Benantosdmcghdbngchahgesw
results canUmei éxtAD8porabeties a relevant fi el
rate from AD3+ perspective can only be assess:
for todayodshtt rahdngeHtodwaedvremti,ignee .scenari o t hat I
necessary need t o bae sicndrrmadreicdodt est acoesceé pt alsec i
is to select test cases that are chdlelsengi ng
To identi fy awiiRteitcralc st,essti midsaas ,t o2.t2ha@s e .dlesc
can be usecabPiMmcdeadiei slesf epter of wuncritical

131 Bagschik, G. et al.: Ontology based scene creation (2018), p. 1817.
132 Schuldt, F.: Methodischer Test mit virtueller Umgebur@l®.
13 Krajewski, R. et al.: The highd dataset (2018).

B4Wachenfeld, W. et al.: The worime-to-collision metric for situation identification (2016).
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with simple metrdamosunthadf pdbcklser bhitkdheeat | gl
scribe how simul ati oncrdiadicaesadkn medubsgidng ool
havior and by injecwisomgofa senasddrerom@amoamt en
For -AD2af fviagti wdiises wer e conductsecdsnwehs icrhg i dief
ferent trigger coW%fiotri can sde(tsad & leRle ineisnbdr @19 t U

drivers reaction (e.g. steeri sgsnwelpiosite rma
Some al so use environment perception sensor
I n all studies, the identified scenarios ar

dafThe | argest Pomiucy tihe PHRBE déysTchre 1tad gger
ditions rely mainly on the vehicle motion
Benmi iumpr oved the findings further devel o
i nformatiomgeg bompwexhtmogger condi tTihcery de pe
are summed uMlnnt Appenslit xdi es, the trigger

based on the available data, aoht chbijiescth.i m$t
performing scenario i dentification based on
that would suit AD3+ systems are not avail a

225 Maturity Level of the Test Process

Despite alll ef fortsuiintetvhiel Id emd sgtn loifk etlhye btee
because of a |l ack of experi eamllecatisaudbmbh:e
known future development of road traffic,

Wi nne r®deets carb iber aslhéeanr k mat t. erAnprealslyemask i

test cases fromaencdec aesenactit®@ denéconstruct e
known knowsicsend&hnti dal notbutestuHhat iar eacrcdaldeew
reguimetrics to be identifiedessna@iotweayrare fol
ablTreayrneamkenown unknowns because there is th
catilomoompl eteness of Hhweverst isthiaitse turelriekhadi
a complete testspamaendes swités thiapgoedenomyt e wf u
the traffic wildl evolve after the introduct
new vehicles or due 3 wmermrcaraingse st h ant romardn mte t by
servations of the ouwnm euwmmkStoomsef foifc tarees ec allnlke
knowns might be identi f i ebdutu scionmgp |kentoewleesdsg el

135 Hallerbach, S. et al.: Simulatidmased identification of critical scenarios (2018).

136 Benmimoun, M.: Automatisierte Klassifikation von Fahrsituatior@916).a: pp. 30ff; b:
137 Hankey, J. M. et al.: Description of the SHRP 2 Naturalistic Database (2016).

138 Dingus, T. A. et al.: The 106ar naturalistic driving study (2006).

139Winner, H. ¢ al.: Validation and Introduction of Automated Driving (2018), p. 184.
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) A
Surprises per |

distancein 1/Mkm | e e Number of counted new events per distance
L — = Approx. trend line
1000 \ Extrapolation

100 X

10 g

> : g B
y 0 100 1000 Driven test kilometers -10

Figure2-8 Decreasing Trend of new evelits

Koopman®detscali.oe the predhyemoadsemer tWheesréee rams
corner case results of the combinyath wtn toHe par
uni que combination of several parameters resu
to identify with knowledge based met hods. Edc
before and are therefore doasfdcmet hbdsgather

The maturity | evel of the test process can be
new edge cases that the automation cannot dea
system Wieehae tYseaitg gaddsaats urhieugnaty | evel using real

ing measuringatkeobcsurpenséng scenes. New su
saved to complete the test catalog further. T
trapolation of thEida®eaey Sitm anewi ®sr proi faxnd t!
test drives are virtual assessment or silent

et "aind Junietzbgtidentification using Mi R met

However, f fiitcuilg d o esti mat e otfh et hree nuani knni onwgn sduirspi
tion of new ¥vamemgues Kbapmassuming an exponent

prises i nstteeiald difs tar ilbontgi on, the remaining unl
Espeal ly i f there are surprises tshadmasmccur on
rameters so that they are reasonably rare to
are pr qibtl eanya tdaccchuirg hi nnumber . | deentriafryei nsgu ropnre sre

140 Koopman, P. et al.: Credible Autonomy Safety Argumentation (2019), p. 17.

¥IWinner, H. ¢ al.: Validation and Introduction of Automated Driving (2018), p. 191.

2Wachenfeld, W.; Winner, H.: Virtual Assessment of Automation in Field Operation (2015).

143 Junietz, P. et al.: Gaining Knowledgeon A o mat e d D r 4TheiRiskiFi@esVASFRDfTeol (3019).

144 Koopman, P. Edge Cases and Autonomous Vehicle Safety (2019).
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(and i mproving the 6te®&iti cdaoteas|l mgpue i bmyp raodvdei nt
significantly, because the surprises per di
|l obh@i |l distribution.

226 Summaofy SafetgnVAppdatctches

Al l presented testing strategies have devi
whet her the true safety performance can be
a | arge Furrtore rblmmedet f raotm otnh eo fq utahl-@ Mfmaceat i t
world surprise rates, there is no method to

uncertaintyFiig29fiei ebd Basbsprview of the she
dyniaamn testi Mbemehbodserslieaed ttoeadsaksty per
guanteefrabl probabi lditsyt abnucte tfhoer irsngaulolo eddraa are
be f eAlsli bbteher approaches have ssharhtacto nhienagds
uncertainty that nequoafntteinf inaobtl eQquanti fi ed (o

3 Test categorization

OuT Knowledge ~——— OuT ab ion level
0: Test specified with expert knowledge S\ T~ uT abstraction leve
. . - / — 0: simple, unvalidated model
1: specified with Use-Case description / ~— y .
2: no knowledge used ~—— 1: advanced, validated model
. — N |2: real

OuT

0: sub-module

1: component module
2: component

3: system

4: vehicle

0: Controlled environment (expert knowledge)
1: specified with Use-Case description
2: no knowledge used

Stimulus Abtraction Level

0: unvalidated model

1: advanced model with known validity
2: real

,"'
4
/
rd
rd
Surround System Knowledge e|{\
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

/ Assesment Scale

Abstraction of Assesment / 0: nominal
0: indirect without validated surrogate @ I Ord“.lal
2: cardinal

1: indirect with validated surrogate
2: direct

L

-@-unsupervised field test
~#- supervised field test
EVT
~@- scenario-based simulation
-¥-scenario-based prooving-ground test

Figure2-9 Assessment of different test strate¢fes

145 Junietz, P. et al.: Evaluation of Safety Validation Approaches (2018), p. 4.

4 3



2St ate of ireeneantts Regu Approaches for Safety V.

several ways, risk nwtR inoest rairses do fi no utthneo sstc ei
sed test for identisffiamat ihen ionfdimelcavantsks aes
svi $h extrapol atMaR mdt raicccsifdeerndt hred pdke s edi pt i
fety r eEgxuiisdeé nmehn etsh ea beoxutt o paealrati cml scenario
cident probabiolw ¢ me ammddo mirbseisciegursies Ehletsds t at | st
rtainty is quantifiable. However, this does
rtainty hérametolm maii anisg i obd gheen duesnetd met ri cs and
ality.

-4 o o0 0 9 v —+ T —
> © O O O Q O 9 S

ose existing studies uniformly wuse relative
st promising results and correspdn@s 4t o t he
because the requirements on use of the avail a
the metric only works i n floangciotnubd inneadl stcreanfafrii
mul ti pler eobgwaitlsabltespebefeedete hal fild]l requi
tion met hods | asslgtahladguaghet snodd not contain enou.
pltyhamsed ri cs on.

3
o

Hence, the focus in this thesis is the i mprov:¢
menAddi tionally, the quantificatni drheofnewnc erhtac
ter, research questions concerning metrics ar
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S3Deri vati msearch Questior

| n ftohlel avwsengf ttihe amal yzed and creersneianrgc hr igsuke
riargeer i ved.

31Resear ch QU eMatcircomsscopi ¢ Ri s
ri cs

Based on the Riaditngs ikmoaomapthanr di fferent
dfif erent risk perception and therefore diff
most custombyswbdl|l passepsovide quantitate
guantitative requirements basedndry alfl adil f fr
essary and justified viewpoints are consi dc¢
possible. This brings us to the fist resear

Q1Whi ch viewpoints are necessartyi am dfe rceognusi
ments for macroscopic risk?

The viewpoints wild.l l i kely differ based on
known that with personal benef2i.tl . 2d me ss elritg
2.1i8.0s explained that-tihiad ibeneven apmppneise
probability of severe or even fatal consequ
tidnli BdR&oti on of new technologies in aviat
mi ght increase directly after introducti on,
after the introduction and by moni ttdreirreg a:
should be risk requirements for the first i
smal | . However, it -tcertmponsesbl matbogi o& ah
it comes to accidents afd,e atchcer ertiiasbkl e osd udcet di uor
I n addition to acceptable risk, other crite
research question is formulated as foll ows:

Q2Whi a@tcept ance ,icfrvd lewpiad enmeiisQfilatr e anal yzed s
tifRPrcally

Currently, there iIis no quantitative requir
phases, vi ewpoints and f%ienltdr opdeuncdetisrmat tthiea nr ii rmse
trodumcdmesn, i mportant stakehol ders and anal"

146\Wachenfeld, W. H.: Dissertation, How Stochastic can Help to Introduce AD (2017).
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However, this introduction concept does not i
al s. Depending on the introduction phase, di
vi ewpoints are combined, the third research gt
Q3What i1s thenindtduendgdeeomontbptacceptance cri
i @2?

With the now defi nedntqs,anitnttradd wceet ird rs-ks trreagtua g i
' imited introduction need to be analyzed. Req
similar to aviation. The main question will b
[

[
n the feet dt osr edb € etchieh ee sutnicnearttead estayfuegthy. per f

32 Research QtueMidrimmnsopi c Ri sk N

ri cs
A major challenge i n approving AD3+ vehicles :
events with | ow oeocaesréehat rcatuéed seeshl asi acf at
approval requires high effort due to the base:
bet ween two accidents is used as observation:
occur rtence rha gh driving distance is required

age and distance between events higher than t
mati on (cOmp.l fsencoti oonh wegetnhacadi Ieatnce ilse measur
di stance between scenes with a certain criti
accident s, a smaller mileage would be suffici
are required drhoastc mpiec craildke d( Mi R) metrics. Ano
i's the identificati oncaosfescriinbiacsadd esthoeesniecsa ptpa od
Her e, high requi-nemant seadptgconohal ate, i . e.
tecagwan i f they shoul d. Even a single scenard.i
metrics in the evalwuation has a severe infl ue
results in an accident.

apt.e2r.i2n2cdsustudi es using metrics for extra
for identification of <criticladfsgsemlila@mar i os.
sets include the vehicle data and someti me:s
Bdundari es. Metrics that wuse only vehicle m
g wheel angle can detect <critical scenes an
an ordinal scal e. However, nedieegs dar yn.otHearmsce
ey cannot be applied on scenes where an acc
e driver. Those meturpi ap parmachewel aped hien alva
t all ow compl ex <c¢computheat ieonnvs rloencreennste itsh eu nrka
e purpose of macroscopic risk extrapolati on

20
n =

- 5 =+ + g — = ~+
> O T OS5 S5 0O
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3.Research Questions for Mi

used I n past stRRu@i)@sa2q dtohmp .a waialpalelre dat ase

catimorefcomplex metrics. Findings of the s
able to predict the MaR in all types*of ac:
found that the used metric (PET) didenbt pe
Crossings. Thewydiasaslumeadnme aitoinon bet ween t he
paring different scenes. Therefore, the fir

Q4What are themiequwiscempé fiomxstsrkapol atsiongof
EVT

Hi ghly detailed data that wil/l be avail abl
hi gthdt @sat se the opportuni-dywn caplerfoaech.meTh
tion of <criticalihtey sfpercitfhicatpwowmpose ramgadiir e
formance is necessary. Additionally there a
as wel |l

Q5Wh aatrtehe reccganrdmeatapplmi catoiscmeds®i ¢ i sk

A side effect ofr emaltimieane nttQsla td eft thhlafeidlt htelye c a

used for identification of critical scenar.i
process still ctigunrkescamasneadf inlseehi gh nun
tions due to thresholds that are designed n
scene identification, different requirement

Q 6 What are the requirements microscopiometricsfor identification of scenarids

St eothehaer t met ri cs are not designed to be app
Hence, it is Ilikely that t hectdigdrnhr#tdison oo fbe
redefined. I deally, a metri-ca®essies Dod6bumdt r|
a tdopvn approach i n deyteelsochpame nvte roiff ya tnheew enheit
defi neder Hoavef-awd §a |demd neewsar verify the el i
cation in extrapolati on dro pidteenndt i#%ihchahtei ohny.-
pothesi s itdhael iagimelte ifcor appl i cadrn dear stho uhl a
up as a scientific statement. Therefore, a

Q 7 How can the eligibilityof MiR metricsfor the use cases MaR extrapolation and identification
of scenariode falsified?

Aftefining a falsif-odtddeitonshkaulad elpgy, analey z¢
ing a new metric. Metrics that wutilize envi
trajectories of objects-cabef fas uemfp tassb NaTisTe(, i

147 songchitruksa, P.; Tarko, A. P.: The EVT approach to safety estimation (PpO&)19821.
148 Krajewski, R. et al.: The highd dataset (2018).

149 popper, K. R.: Conjectures and rgfions (1969), p. 256.

150 Zahar, E. G.: Falsifiability (2007), p. 106.
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best guess assumption (e.g. constant wvelocity
probabilistic predictions (especially in metr
categorization of diffley e®d¢P.peleseirdtsiko m smetshsanke
the purpose of this dissertation is not nece:
would also be possible, when the objects (fut
the ostttrmartt revisew,ormdtrrajjeect ory planning might
should be analyzed first, before developing n
appl y:

Q8Do safattemet arts ful fderahM¥Hddn@eui rement s

Due to the | ack of sufficient data, falsifica
I s, however, rea®drmaeetto metinieve ahati ¢ @ftfei ci e

trapol aseohhbgcaue either not designed for hi
trajectory planning) not for the addressed us
it will be equally challenging ta Dai sdgefynasne
are proposed that should be fellil@pioeldeni Nnalolhr der

Q9Wh at are design guidaiiReesifcer actceoerdewngl 6 pme
me ndtesr i WQ&d n@a6?

Based on the design guidelinesthatmdétarsi ¢ owiplrlo
itself based on data that Al aeaebabheqoest enop
t i onedsubnc htalpitdeded r e s edbapt er

151 Schreier, M.: Bayesian environment representation, prediction, and criticality assessment (2016), p. 136.
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I n thi, 9 hhehagptserr ch upbweRatplrenr sadfdireemsed. Thes

QlWhich viewpoints are necessartyi am dfe rceoqws
ments for macroscopic risk?

Q2Whiathcept ance ,icfr vdlewpiad emmeiisufllatr e anal yzed s
tifrcally

Q3What is thenindduendee omontketacceptance
Q2?

The firstadguestuidarndaipittehe saebohdpf.ming., 4
and t he utbltcihdadgpx ierr

41Vi ewpoints on Safety Requir

QlWhich viewpoints are necessartyi am dfe rceqws
ments for macroscopic risk?

To address this question, the difference Db
stakehol der for saf ety tvoalhbi edgahtni boans ithba sa ntad yls
stakeholder for a safety wmnmil étd#t ¢Tohniads ni ngcel nue
t hhendu(sQBEWM and, saptdhrndee)government branches:
and judiciary. The state inspedmisaades yshkhall
dation requires egpgdset stk@mowtl edddr eslowehne f
guirements for sarfdetco muitd erfl haelhlig svaige vopliqitnhti ss
is to find necessary vVvi ewpodnisrutbsc h&apliviedatc i en't
pointed out that the i ndi viAdcucaor dbiennge Etmot tihnif
poi ahebhkd st iedgaitivBhen user sdmormspea sSs eolyy eprass sael
WacheW®faé¢rdady covers the viewpoitytdbuof nose
ot her i mMdlidvitd walas.l y he user ibtasemght sbéeypec
exposvheeihteri s vol-uetl atoenipy &2),ajnadb f orbypd<nser s
di vi duasl mhbgrmeafirtesult as well, e.g. due to

I n adtda trieocgnui r e me nd tsa tbey ii mgti ivti Wtuiad s s houl d
go beyond the fate of individuals andl mai nl

152 Junietz, P. et al.: Evaluation of Safety Validation Approachesg).
153Wachenfeld, W. H.: Dissertation, How Stochastic can Help to Introduce AD (2017), p. 14.
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years or decades. I n the foll owing, this 1 s ¢
vi ewp®bwitous!ly, the industry has an interest
depemdemandi ng and m®dt hetri @ m§een ot aggabndss -atr &
ti osntadkehol ders as dP3beysatedly Scopethef-et hias .

cause they are not directly thr.eatened in ter
To summari ze, t hehatvher ebee vai dedw peosisnetds atrh at

T userasoefPers her called users)

T nowmser s olry p(afswsretrbserbyc)al | ed passers

T society as a whol e

Di fferent miegghuti friceensetnllitess t hr ee groups in the ac
accidents (index fi)ndeaxc cwld)e nansd wa ctchi denntusr iwist |
nil ).

From noblwe oihrequency of accidents per time (e.
fwhile requirements ahat dabsyertighhey @ spoeonli ndg st an
an averagemngceea Ve dmbasieme fIQeqmuelmeyt ransmitted
di sthaansceed f ra@md enicye aser od,0[Glgr ma myEnTAi s

assumed as an averagerecamméndatitams ef arcclo® @2
cat'aomd assuming an average velocity of 100 ki

42 Fat al Acd®ident s

First, reqguirements for fatal accidents are d
rate wil|l be the highest out of the three acc
bé onul abtaesded on a broad basis »fle22isting stud

421 MaR f oUs & rhe

The fatal ri sk feqmui tvtlacd etmdes rr ii sk acsfa uahdf@art al ac
vehi(olkgl ecting a hieghdédrandamagea swirt matmarme same
i Ri g2 et hpe of exposition is relevabB8+for acc
functions are used voluntariled. thregf ersussito roeael
i s al so plusu sieldlse umHtgee x pect ed durinagt the fir

154 Junietz, P. et al.: Evaluation of Safety Validation Approaches (2018).
155VDA: VDA 702 Situationskatalog #Parameter nach I1SO 262822015), p. 5.

156 This chapter was taken from Junietz, P. et al.: Macroscopic Risk Requirementsajad&®)ended igjhtly.
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4 Fat al Acci d

| east not as a .hamdbhabed pserpygulchoderey (ke @
ferengleaysi bl e from isdlea d=xigfiinend nags owmag | bruttar
mandalttormi ght Dbecome dreil eoanpland ems thoftehdggu fic ks
|l ation allows | onger driving durnatoiloum tfaory t
I's excluded aismeest y s € Hlean asaendat or y toatiss e et h
of profedevenarhedwisrsements for professional
Fi g&Za®s professional wubkeiBSuplUaesible in fo

Fi g22ceoncl udes thhatequleecygcdopt adfpi@pPsigads de:
fo i nvol untparjpaf ex pprsafres sfpr@ppnabndxposheer gt
iderisk for voluntary expoeesfuruppnwad h nt geinea la
the accepted risk varies with the benefit f
ations are from the 706s anyd o080 6nsu crleegaarr dpi onw
However, si mislaars utmptMBM, tahee still wvalid in
to todayodos Afacelbabfcempenyates the increase
t hdeevel opments ofuglEliedtded nandn e Retblasteidngpn t h
decr eacei wdnt rate would be another approac
ing, the |l ower risk today compared to the n
and country gofsttanha sunder | yi n

Reducing the accepted fhdasnkd fuosri npgr otf hees sa wenrac
di stancefF pesuys air bodg cagd@ POjEI.Si mi |l ar rates

present inp tthecdDST(EN™ For other countries.
age on different road types is not al ways a
mileage is in a similar order ™%t magnitude
However, t he substdirtiwtiingn ad fs oc sru\gegretsit an aclo m

dayodos driving withrothe s$hggéotil éddwi age Dt h
examined and compared. Forcotnd daxjdeesdsd r hivg mw.

(Aut obmh®@9gr many will be taken as a referenc
ing on @ecrcttsghWwags i s one of the safest, i f
a car, especially when taking the mpacsdidkelng
that ADB8+f swisltlemdr i v e -accnc eas sc bha tgahonsabye@fd t he
compl.exTihtiyr d, accident data on highways are
often result in the invol vemermtt aofa bpoaulti cees th

157 As the annual driving distance might be higher for professional exposure the requirements might even be
higher. Though, it is unknown which usase for professional exposure will be the first.

158 J.S. Department of Transportation Federal Highway Adminisinafratality Rate per VMT (2013).
159 Oguchi, T.: Achieving safe road trafficthe experience in Jap&2016), p. 115.
160y.S. Department of Transportation NHTSA: Comparison of Fatality Rates (2016), p. 10.
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travelling distance I s more cacsaurvaBd dtamnae on ¢
t hter affilcasedosongwhi mhbedel ed di stance.

To derupppeert hlei mit fobyt alserashl| ¢ hfer expendcyenced
by the new technol oglycqgmptzdhiteBema meawrtactfmrol
i's introduced replacing the former, the incre
ciple from EN 50126. According to the princip
should be smalleheltnMBi.el/f20 | owing, the GAMAB
MEM principleaesamg GANMABnNnad a bashbkei neacreakedn
ri.slkte thhe onbii Bor onikre dielsiesd secti on. This i

to meosearsecioety at all as a whol e, what wil | be
Depending on the individual, even higher ri sk
sumed as user. As described above, Jvaol untary
B oaoQ Qop- 7¢
@sonromai ARl Qu- 7¢n (4.1)

b B ORO. AT AA Qo 7 I
B OAOR cip & WP TTTEIND 640F ¢ np JHP BT TA

| ntteirregl vy, the order of Mad)gnonirredpoadaornadi ndet a

blfer equency for professional exposure. This s
tions result in accept aebhiec lveasl .u etso Wweowe ru,s ehrisg hoe
be accepted by the user (similar to motorbike:
of this potentially increased risk.
Obviousl vy, not all users wil |l have the same i
novators tamhe tiypstcat d yuse a new product and mi
Whil e the gener al ri sk acceptance might be si
current risk is higher formngtehe fciomgtl udeesrs af
iBecause the itherovatrenr to adopt, he or sh
that can bBbetevoiadedptley s, who do not wi sh

hi gh degreecomcemmciemdg at mé yi nnovati on when
troducedymn®o the

I n the following, the ac4«lpwitlalblbee ruissekd afcocro radlil
t he acceptance of a higher uncertainty for th

422 MaR Passbdliys

For all othetrd&DBmd&S imco pduirrte cti plaemnef it (besi de:c
for all traffic pAdDBHBCcispéderstassumheg avieatage

181 Rogers, E. M.: Diffusion of innovations (1983), p. 252.
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4 Fat acli dPecnt s

omsers could have a |l ower risk acceptance
ewhnetogy or might even have (subjective)
he (rcocandp . 2s dacntadi oGir n.waWalchdetiabds risk reqlt
or the society ane ydoes agosteyppa mdhed e espgka sosf
ew types iosf eaxctcriadoerndbse@aa ysuessmpaen two@®tD 8+ bl a me
ystfeoms t hose accidents despite (aopiptsesretri al
t % . New risks couldspgsetemased {fodn ataiampd la
nsuf fjoagi eceaythteasks. The tot al new risk of th
user shouRgderbei medomwcrete figur €@k RJden Ger man
¢C®Pprmja

Sphow can the indiusiedudqle rciaskuflf at ed ?néds | on
AD3+ vemi dtheds he exposure is very |l ow and t
traffic particn pfAabDactci 8 e nThhveorsgvfébdhwei kn ias mul t i
wi t h tpheen eftired+di loant rwvaitlilo i ncrease oVvVéae ti & ¢
for phayssiessdiluted by the eADPBsfure to vehic

@ AxF C Trp:a'ﬁ(‘D %2“@THQ ™ p%2h T VP T TA

- ® W S5 —h —~+ 35 S

p (4.2)
A/EHTAxﬁcnp_TE'm vp T TEI

According (42p e¢heaticearpt AD3H+i vyiebTtcwwas asiimg!|
creasingADbDG@Gmberehot!|l esThins tihe if st ledteg vl rye ol
mutli pl i es with the numiber whetnponeéytifaw ADBg
i n ftiheelhde playwGseqwi rements are neglectabl e dtu
increasing field share, requirements 1increa

Thcal cudealtiibognr aé¢ @ e c tuss etrh aatl stohehansonbenef it s
than the humanHoaweWemng ido & tepd Ba& essy. st ems mus
before there is statistical proof oftthose
skepticitdm dseabtietbgeedf dt badmaw dtoenti hnnaonlto gy

423 MaR f o8odihety

For society, the fate of indivi dutalHe iinrst rood-
duction of aArDe3 +mesayssu reemds nbbye rt hoef taoctcaldent s arr
are reduced over ti me. Il n general, a decr e;

162 Grunwald, A.: Societal Risk Constellations (2016).
163\Wachenfeld, W. H.: Dissertation, How Stochastic can Help to Introduce AD (20153.

164 Gasser, T. M. et al.: Rechtsfolgen zunehmender Fahrzeugautomatisierung (2012), p. 11.
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can be obser®andd it &abiamwyeGer mamydtritati st hi s
trend has been di5Smiyneiasrhsi nfgo ro vaecrc itdheen tlsa swti t h i |

slight i ncrease duri nga tdieamied rade arss .o bFscerr vfaatl ael
When introducing AD3+ syszeemsti sheobkt weveéerbei&d
t her efloirkeeliyt tihsat AD3+ wi | | be involved in tho
ever, since the total number of AD3+ vehicles
of AWehi,ictl ewi | | take a while until naocideéent n.
to evaluate the systrRimp24n8d . h whagtnidr &€ atnfce r( e
by soicfi eitnydi vi dual accidents do not influence
What i s the euptperatteotlalmiatc caicdcepted by soci ety
The overall target is to reduce the amount of

new techhowegffoll ow the ar'famen¥at wansboduMwdch
all ow a certainADIpks emsoheematbebramg all ow
knowl edge. At wiohued adseameepti anlel, e iftori fthiee twhalle s
ri sk Bsinmnreeta sogaghl e

However, there is no way to check haweacci den
technol ogy as soon as it has entered the mark
bers of tRé&lvveamsd BUYYest a standard deviati o
as a r'®femr emcreaxi mum deD3i+taHowaeveapsedeblgede, tF
decrease of fatal accidents and accidents wif
annual travel distance increased. Hence, it sc¢
When using the accidgntamn aetxep ofnoern tfiaatla |lr eagcrcei sdsei
an a |linear regression. Il nterestingly, this
ecli @n3.MRhe staomdaredecpwinehitomlr g esgirrecses i 200n1 O
results in:
v . 0 HQ Uqu L EBE . AACD &ﬁibﬂ% (4.3)

Mul tiplying the standard deviinat20oln6 wietshu ltthse ial

fatal accidents per year, which is slightly I
it must be pointed out that the type of regre:c
't i s alsooplhesi bhéhet ¢sdsanadmar d devi ati on as a r

165 Destatis: VerkehrsunfalleFachserie 8 Reihe-72015 (2015).

166 .S. Department of Transportation NHTSA: Fatality AnadyReporting System (2017).
167Wachenfeld, W. H.: Dissertation, How Stochastic can Help to Introduce AD (2017), pp. 102ff.
188 Kalra, N.; Groves, D. G.: The Enemy of Good (2017).

89Wachenfeld, W. H.: Dissertation, How $tmstic can Help to Introduce AD (2017), p. 84.
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4 Fat al Acci d

resul ts wil/l be i n Belsowihlearr esrud(@d3)wiafol mmizeenrui:
used.

The requirement dryi sskoAch Bestingg ns Ho wlachtihe dewer
scribed exponenti al t rAesn da oAbEs3Itrivaeud di rb et e
one standakrgpedeeirattiham the predicted perfo
However, socAPBy shomechsgi veatbttyhreflerghce
to air traffic, i1t i s necnadvigeryvteomemaoni hoif u
i nfrastructure, and usernaxipteriise nscueg.g elsnt etdh e
ti onalonget akdaf d tdheevibaetgiionnniantg of i ntroduct i «
standard deviations | owefri d@lhd npidshesit eEaadt hr endp. o |
thermore, the change between the beginning
wi +tb.Therefore, the acceptable risk not onl
conventional traffic fdwdrd tpleemeyaarts ,onbutatal

L ERAARRZTQ | R ARDP - O

~ &FA%Sp m . &OP —0 ~ &R A%D OQ’A‘/ES‘C" (4.9)

Y RARAR O & &R ABD n . Ao _Tb_o
compare the differentar €& g-edidse sréaaq e rwa d ht
ribe all r e ghua sreedneind vsa bdstudaade v enleo plsy s i mi | @
the field share of ot her driving function
che¥ elBull field share is asisumedri dbelderk
i ne ffunocmi’iOont o

-0 p ATGryjenm o 7Y (4.5)

However, the true development is highly spe
due to Bndhrematasaing challenges in the val.i

424 Summary of Safety Requirements

n the previous sebdtaisenrds ,0ons dfheateye wlearfefiedr eemd

I

duced. For society, the accepARdHd dahei at tery
sug@eé d toavn nigncrease in total risk by one sta
rat AD3san be introduced although the knowl
compl et e. I n addition t-bysbaceprpidet yegbhave
creased requirements for new risks that cor
guireareentissed i n thealftoHd wgvi ntgh edy smiughsti oinn c
rent traffic safety overemért yeares.omowedem
early introduftgepewhaset heompr ket share is

170Wachenfeld, W. H.: Dissertation, How Stochastic can Help to Introduce AD (2017), p. 105.
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mar ket share of about 10%,-uslkeshpequier dmennnanod
egr, I f the fieldagremouws eresa crhatmaliledadsity. otnh eAruet o b

However, it has tdribwi rmg swimeld ddexi AD2f or a | «
Il n the following table, the requirratesdten ar e
the whole road network is in the same order
above), similar figured. peRBRaddpyt &ss dinisghitsslkedyv
i ncreased arcacerpttainrctei €dsorofu ri sk. As the risk
i ntr oduded miomated by the userdés requirements,
certainty in risk might be feasi®dl.&. This wil
10'65 T T T T T I
B e eesimmmmsabe
u R by Passersby for new risks e 0.8
g '; yTE % GAMAB Germany (7 years extrapolation)
< S| - by Society
AL g |- field penetration rate 706
g g N N
= e )TE N,
g E N
S~ )_9=_
10—10
0
10'65 T T T T T T T T T 730
—_ . |—by User ~
:P"'i L by Passersby fornew risks | e 125
E o) E GAMAB Germany (7 years extrapolation)| /e
=4 - ---by Society pomen 20
é ‘,_,_E 8 _\\ ---------- time for field penetrationrate || . i ;
€7 BN e -
S~ )_9:_ -
10710
0 .
7
Fi g#4rSeafety rdopuirnteamendtid ferent focus gr d&ups ever ti me

171 JunietzP. et al.: Macroscopic Safety Requirements for Highly Automated Driving (2019), p. 8.
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4 RBequirements for Accide

Tab##l&ummar yt gf REglier ement s

Description Symbol Val ue based
data from 201

User requiren

Per Distance | _ irs50640 ¢ prmjkm

Per Ti me "Rii5 040 U prja

Passheyr srequir
new risks

at=0.1 JART Ax e p1 jkm
at=0.1 "Ri T Ax @ pmija
at=1 JART Ax e p1 jkm
at=1 "RET A x ® pmja

Soci ety requi

Il n 5 ye@Qr 898t _snoia p& ptmjk m
I n 5 yve@Qr 898t "Qoiax X& pmja
| 80 yewarls at | _inoia ¢ p1 jkm
Il n 30 wy=elars aQioiai pg pTmja

43 Requi r e meMctcsi dfeofictosvesre ver ity

The requirements derived above are based o
ri skkosr. acci de nftastt dweirttdioaus no such prabound b
acceptfedar riimjkuri es or propewxtpy.$da matghel sb arseeac
requirements cannot el dedwaocedoicn ettlydss ameg
vant frieguarveasi laabl e because they are based o

| nstheearde dare sever al possibilities to deduc
s eV ebraisted on above fi nldwyenrges diogc d sag e@ad oiarc cti e
si mpéeati on, the possible severity |l evels ar

i nj yrninasegaxndwlacci dénios | Wil n@&xt n
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431 Reduction according to Hyd®n Triangl

As intredbckdplyd®@assumes that a reduction of
goes al ways hand i mohsenwe rwe t#c ai & eemdtuscrt g 0 na rod |
on accident statistics over t hter ayfefaincs.t &Siod car e
be ex peactAdDB +f awse haieddllenshat are the consequences
guirements? Due to the paradigm shift from hul
that the same behavcan bes .dblshe osv @ se de absyi | Hy dc® na
hypot hetical sgsnemahi cowaul speads where ther

sevelrthet yf.requency of | ess severe accidents mig
ries decrease. Obviously it piesn alnsloy paas shiibglhe -
with the inverse effect.

However, it would be plausible to demand the

and current accident .stTahtaits tmecasn sf otrh aatl It hsee vdeerr
tive reductinotns itnr isgagner|sd etroleeen dl ef .6 0r alukkecat agadr
pasdgrst foll ows:

1) OOAD) fi 604 ER OOA D
L) 0 §O20) h QOB &N (4.6)
AI)hAQDX)hAQDEhA@D
~T)YREI&) RET.OERET O
L) nfl) Dglof 4.7)
AI)hAQB)hAQ,D/EhA@D

For the societyods@ddam@d)arecanend esd ewiutalt i tomes e x t r
quencies for accidents withyaipedqpagsbasis. damage a

432 Monethalyance

Te aforementioned approach requires the same
categori es. So if there were no fatalities at
the requirements would be faiiled.i hnooedeat ¢0@
with a reduced WaedheWbalggae smamettarey ,bal ance b
di fferent seveavéempacatdempoficobesdi hferent seve
rifecsr Gé hemaant i on a ' lefc otntbenyoccur r i g nadcedis derct) fr
not bel owmbbr of accept(abnldee kataachcdeeny beegaeenc
di fferent costs acwiungl wbey:done in the foll

12Hydén, C.: Method for traffic safety evaluation (1987).
17 Wachenfeld, W. H.: Dissertation, How Stochastic can Help to Introduce AD (2017), pp. 26ff.

174Baum, H. et al.: Volkswirtschaftliche Kosten durch StraRenverkehrsunfalle in Deutschland (2010).
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) RPEA Lx) Rd) AR TRE T RRRA L x) R AR

. (4.8)
~ R AR
I't might be ethically questthiaotn aabllleow os hdiefrti v
cat egaosr iiets,al |l ows the compensation of fatal:
it could be allowed to compensate increases

i n higher sewenrishaiys biug alodo vimeaccordance w
(Grundgesetz Article 2(2)) tmatadgrin ot eat & ol i
48, the foll owiing conditions apply

An increased acci deindwsofurl edg uneontc yb eo ft ofl aetraalt ead
. ERT AR &R AR (4.9)
Accidents with injuries can be compensated
not of accidents without i njuries:
cx) hid) LR IRE .x) B ARE) . &R ARE (419
An increase in accidents with property damze

according@Bo equation

433 No Requi rfeome ntoswer Severity Catego

Opposite to the approaches discussed above,

ments for | ess severe accidents are necess
injuriest Hewgqguestibnable appl i coableev ewh epne ri
sonal damagase dramatically.edea@®and/eqmui r

48t ¢4.1 Dar e ofraavdl eer nati v é4lB)y,oud glu abtei ounssed as s
ments, with mandat or ywhoeh9 ap td @b Paarle svyi sotl eant eudp

4.4 Accept abl Ac eereRdu s k

In the previous sections of this chapter, r
rived. This was done wusing past stdoddioens of
road rafdvicammidonan di |l ut i osns donfs hehea ud e ko ff otrt
sure that i sfideepde npdeenhett weafteitohnet here i s no gu

requirements afMfdeaecepisd Isatbeuceaenpitheadt bterhya:
and risk of futwendpADveveehi ot bder(bitwdies s

175 Lju, P. et al.: How Safe Is Safe Enough for gafiving Vehicles? (2018).
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ri sk assessment ar e unahrye¥% P eeospt |iuem atieeeneds hteo a c

timate risk they are in control of and overes
trol |l abSb esrkc seawcscee.pt ance d omota dninyl deopeoddent ifr
from the perceived risk that is also influenc

ualscluding the perce2vhddbwaldhit (comp. sect

451 ntroduction Strategy

The findAinggdskdebr amt c o-Bkmiade dt iWittrho dtuhcet iaosns.u me c
mar ket share devel opmesits domi mamgui remenh s tiy
a ter introduction. However, -wbel dtatisitmngalilsry
unf ebeifmre the introduction. After the introcf
ments increaseAwstami markleat shla¢e eADIa mee innluasg
di stthaaxs et mgeawegrheclestiasnncealdculvamed as foll ow

!'$0o
150056 OF  —0R “11

Af tfdwear s, the t atdal gpipeaigs swoniingg t hat t he i
safety npertvesea as good abetbeéeateberemateproof

be completé&igrdleode ngr t oas t he social requiren
a systemctehats igoootdwas the currwinthismf.feitwe | yeeral
Another i1issue is that the society might decli

considerations are required.

As the society is skeptdemadndbpuooft hfeomrsyisn @ me
di scussed earlier, this could be &domd-edy rieje
inferior with a conf i dheynpcoet(HoeoitesuV dl bef 5%. So

Ho, soc The systkegualsleé et g nacfe tshaed estoyci et y.

The -toaniel ed directional alternative hypothesis
be:

Hi, socThe systiam&ros siéhkct yemse safety of the

As in Wid%hermfeelhd pbeheejsectedl dy evaluating th
and thdidtamMmessuming that accidents occur exac
sponds to the systems average performance, th

176 Slovic, P. et al.: Facts and fears: Understanding perceived risk (1980).
177 Grunwald, A.: Societal Risk Constellatiorz0(6).

1”8 Wachenfeld, W. H.: Dissertation, How Stochastic can Help to Introduce AD (2017),i3®.73
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a rejeHitsicapnn boef detcammibemed eglar ded as the pro
as a-cvasrestas®umpti on.

Hi,sdos8 rejected _§aori ft btewh e gff @lolefdicleli & swidthieu |
occurring number asfsufmatnagl tdodadci dédret probabili
an BernouB | i process

6(;0 7%~Up 5 (412

g4 0w Q0SS pa@h, g5 0 v b
_oAGan be found by conducting a numeri cal S
Bernoul IBefpoaroeceas sf.i rst accidehoreaanpediespa
there i1 s rmencenriggtdt yoeFfse a result, the requ

mand a certain testhdtive bhdtiedet odillheddrC st
I n the following, &nl10nmtlil al otwa & thiolug dissuah
acci.dents

Fi g&2ckepi cts the resulting Hiafwdattyh ItewoelditfHa
assumpt i asnyss:.t ermhrisctiper f ectl y £afus eamichsy wadcic i
sum&@econd, the assumption that the safety
yeadarss taken.into account

Fi g#42Zaesssumes constant SP of the autaontae eids s

wor se, i mprovements of the system should b
AD3+ wil |l achieve the requirements with th
initially fulfills only the uystrem egfutiare ma

period of about four years so the successfu
continues software update gadseporwsy et hteh ed esvyesltc
ofpagn der tpiteonas sthmt t he accident rate fulf
initially fulfills only the requirements al
societybdbs requirements are fulfilled per man

The future safety eod by aKlaltr fdThhbe y@raoso reciuec|t
parameter variation study with influence fa
rate per distance and final safety perfor ma

Especially the i mprovements rodt e xitg aa rkde yn afr e
only to improve the function after acciden
i ndicator for the safety performance i s the
| ated towar ds wor assshs ersi sfko.r TMiioRs emett ri ¢cs ar e
chapter.

1" Wadhenfeld, W. H.: Dissertation, How Stochastic can Help to Introduce AD (2017), p. 131.
180 Kalra, N.; Groves, D. G.: The Enemy of Good (2017).
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Figure4-3 Introduction strategy assuming constant improvement faetdrl0 million km of tests

before introduction

6 2



5Microscopi c Ri sk

I n this chapter, tshuebcrhBaspraedrdh egqueesdti ons fro

The chspg tefrvlcdae wdeppvyn appr oach. First, requi
test cases afnar fwaud e i ceathbipdvindt dh ot afmet mair ¢ s .

Then, possible approachas$l|lforqai metmreind st laa te
an exemplary metric designed. Finally, t he

di scussed.

51 Requi r emehetssamcd Dat a

To begin -avowwh amer oaph, requirement si nsthoal |
requi rfeoin@ahé&da sand metrics. Data requirements
hi ghly detailed data is costly and therefor
devel opeudp.bott om

I n sdhhbshapgtherse r eise amr eh aqpuesavetried :

Q4What are themiequwiscempé fiomxstsrkapol atsiongof
EVT

Q5Wh aatrtehe reccpganrdmeatappimi catoiscmeds®i ¢ i sk
Q5Wh aatrtehe reccganrdmeatapplmi catoiscmeds®i ¢ i sk

51.1 Requi r emeNhettsr i c s

Q4What are themiequwiscempé ifiomxstsrkapol atsiongof
EVT

Q6What are themieqoimeedmémtssi denti fi2ation of

Frdmtetheureguirements Dby o3oregdmiaprodilas &vomwain
(see 2e2)itTRhoely ar e hrtdfyi nend thleed e | fl iorws tngr. equ i
mands thateltihgiomdde scci ba&c  rpaosbhxa me¢ ¢yt aion t ype

Furt hemenomet r itacp prhuisctasddledn e nd de sfareieb eo poerraas h
Col I'i si ons bdeoo vneorte dn ebeppde tthom s met heg coul d be
me a,n se. g . rep.or i eswtdhye rtinted rd <eébrs val ue must T

181 songchitruksa, P.; Tarko, A. Plhe EVT approach to safety estimation (2006), p. 821.
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of the sceneOtitser micy epatshead gelxit roavpebd tak et mana t e
roscroiplkecf f erent kinds of scenari os must be co
ing that the identical value of the metric 1in
same cr astbulei Kel ittheeod .ower o cscecuerreeamcd i aonfa-hi ghl
tion of the meetra csevserlei kienmiyh ettof bhnasvt hee q @is u & i
formul ated as foll ows:

RM 1 In case of an increased crash likelihood, the value of the metric must indreseggendent
of the type baccident

I n order to applcy aBB\WT ,mutshte ewaleutd afaddr tbhdee k8B wo a
estimated wusing the return I2ewRe)2. @Th3d hee wdrscker
requirement is formul ated:

RM 2 Thevalue of the metrishall eitherincrease or decreassrictly with increasingcrash prox-
imity towards a known numeric valugpresenting a collision

I n order to describe risk and nott ejnistal aacicde
dent is required. As severity is dependent on
parti ci panitt, iosc cquupeasnttisoyn,abl e i ff riete dNaennw vb e gest i
ertheteswsoul d be necesrsiaarkyd innoto radcecri diteant & eprriovbea
further dubcbbe.pbthd ccichn s e qfu@em cteltse extrapol ati on
apprroeaulldan firmpmer f ect sTehvee rtihtiyr de srteignuaitrieorme.nt i
asolfl ows:

RM 3 The severity ahe potential accident shall be estimated.

For identification of <critical scenarios, the
falnegati veAgsledreicttii mal. s cenelseaadrse troaraen inmmpsesrifne
suite despite the availability of datat-so th

i cadsnenust not be missed and the fourth requi

RM 4 The metric shall detect all criticatenes without falsenegatives.

These four requirements are mandatory in orde
tion. didssdsed hiism the next section, i f those m
requirements, ofrali §i ftihaebyl ear eAdati tli eanstl requir

tioned her.#omi gktamapplythe computational eff o
data améunte anal yzed.

512 Requirements on Dat a

Q5Wh aatrtehe recgaoanr dmgatapplmi catoiscmedo®i ¢ i sk

Besidest metdatcas ,t hey are appl i(eRID)oFr onseuefd-s t o
ficdaema, the Mi Rbeamnnet bbhbedproxedity to an ac
put emporitfant i nformati onOhbwi ¢gu #ihye rc an slse nga wg e
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5. E2val uation of

I nceartr environment representation and metri ¢
|l i hood of a fault on this | evel

The MIi R metriqdcompepadlt.imequeveb correct i nf
surroundiTnhgi so bijneccltusdes r oadasoweldlarassmovi rs
tionary obj ectAss otnhet hnee trroacds iatrseeInfo.t used f
I's sefmfti ¢ o ¢leatteecrt tohbajne cstec eimsa | a | rwehaedny Tihieeg h | y

advantage for metrics on action | evel is t
critical Ssituations on actiopefteepti oFol eac
| ate reaction and therefAset he himgahpclcimevd t b |
poptocessing, it is sufficient to have the

could be correctedilktaf asedappl yPibrd (me Jmat e
Two requirements follow addressing road geo

RD 1 The data should contail informationthat increases the criticality of the scene concerning
road geometry.

Whihcobjects are rnehevampliesmemepenadeantofot he
that objects never decrease criticality but

RD 2 No objects thaare relevant for the current driving task atithtincrease the criticality of the
used metric shall bmissing in the data

52 Eval uatfiMeotnr i ¢ s

In the foll owing sections, an evaluation me
anal Yhede research questions are answered:

Q7Howan t he odViiRgit bfiiolcisttyhe use cases MaR ext
ficati on boef fsaclesn ariieods?

Q8Do safattemet arts ful fderahM¥Hddn@eui rement s

521 Fal si fiStataitegy

Q7asks for a falsification strategy in ord:q
metric especially in extrapolation with EVT
cussed i n thew alédgouwirdegmeintesa nab dv ef gtalhe be f
requireaeatgrzdadaet abl e f alisdée s ccrantgsada fsettrhaet e g
amtet riewalauet ed foll owing the devel oped str

®junietz, P. et al.: Gaining ZXKheRigkFree\WAFOdaol(2069%.0 mat ed
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RMll n case of an increased crash | iketdéehood, t
pendent df atclca dteynge o

I n obvious cases, falsification is achieved b
ing details in a scenardiof ftehraetn tc |cerairtliyc anhuistty .r
addi tional object that must be considered in

high velocity. Especially when comparing diff
criticalityhesméigheodos &pplicability is only

suming a correct metric, the true accident r al
|l i keli hood uBiIi gB3) EVTI(¢c¢dms. ilsdnme ¢chesedseit h
an incorrect computation of the driving requi
driving skill. This falsification strategy | e
rence rate for AD3+ 1i,s tume& nmennr.i cF oaarmh ubmanf alrsa
accident statistic is known. For automati on,

fore the introduction, so the requirement 1s

human traftfeiscsars | yot rmaesferable to automated
wi || be estabDl hdbdedESnhrgétowomg the guideline
metric that is I|l.ikely to perform in EVT

RM2T hweal ue ofs haleltilmectrreiacs e sotrr idcetchrgeraesaesai snhg
proximity towardsrapkeewnt humerni coVvVhlisgeon

| f It asRMlmetds$ hap,metnhti sd aade s srieldy as it requ

known | imit, whehhian acwlideme a@odDrcyYuarsbitrary r
This wil/l be covered bManyee¢ fduesgiidnd ¢ uwied aleiqrue g
for examplreother vET X emeatri cs.

RM3The sevédrei ppteihti al accident shall be estir
This requirement is formulated vaguely becaus
accident can neveRM,b ef gplrsicfiisceat iSa mMmidtdue d¢ obe d«
accident statistics including the severity. I
severity distribution not, the seRMiigy i s no
f al soirf iseidmepd dyr ensostkd met ri c might still be able

just not t hherds eéowertihtiy Ineovelt he ri sk
RMAThe metric shas«lesncdewi eboneglak aveisti cal

This requirement is essenti al i f known unknow
i ng. I n some caseed byl i fsiexatnpd e piuhi ®@ahi s c el
that i s not deTtheec treedq cbayn etmineenl¢ng tbeec i eved i f th
bl e data does not meet the requirements. I f m
narios, the falsification in real world traff
rics show no increheeaccrdental iwhy | beftdhree ac
prevented, the requirement is not fulfilled.
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522 Eval uatTiessnt iScenari os

Metr

i cs can be RMankRfMLesli mgcoxaimmilganyy.t est

Exempl ary scenarios are derived in this se

—
=y

0s
S
ab
ea
ir
cl
Y
ct
al

O~ o~ —Ta o <o
- Do - TS c =~ =0

en
me
vV e
acci
requ
an i
i ng

of t
mi s s
as t
i satt
(i nc
j ect

Z " wm
O — O

Lat e
t he

cs.

e suggested test scenarios are able to

hown 5i.2 . Bedmeaeds itto be defined which el
l e for the requi tletbhaolt §. $Acen0nardbopegt hat s
sed driving requir ememctlsu daerse srceelmeawainas.

ed driving dynamics and/ or quick and pr
ude just two objects on cROMWIi tsh oMi Rome ts
Tt hheerreef owiel, | be no falsification attem
ing scenes with smal.l di stance in | ater
i on. However, i n everyday drivisge- suctl
l' y at high velocities. So, are these sc

es with smal.l ti me gap are commonly r ec¢
margin for successful reactiecn i cana
rtheless, there wil!/l never be an acci de
dent | ikelihood in those scenes, a pr ol
i red because the sdcdared rimedomdg ecrtist idea
mmi nent reaction is required. However,
as the action of the front objects is i
he recor didbd edcdt d ocandcdhealobg exts driving |
ed exit on the motorway). Another possi
he front vehicle is not braking in the
hmore mileage is required to assess dri
reased accident probability) because on
s at small time gap are assessed as cri

ral di sstsa mcge so bwheecrt spahowever, are commo
requirements on the precision of the coc¢

straight and do not approach the predicted

egel

Apar
ered

wcity and reduced | ateral distance. Thi

t from col |l i si omolwiitshi oomo vwintgh orbgeaed tboun
: Hence, asihcalplaeltd offj shenege)pe cat al ogue

Figure5-1 TS 1. Corneing Scenario
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Depending on the velocity and the curvature o
without collisiohabtoerahl gcowetbraérypynhitght wou

Addi tionall vy, scenarios in which vehicles are
| ateral distance are tested (see reasoning ab«
incr dbeasca@asise disturbances in the trajectory ha
turbance in the course angle, the velocity 1is
depi cERieghbZilebot Memy i cs &aee at alRML,i nglbetno t wo sce-
nari o that have obviously different accident

metric. When two scenarios that are wuncritica
the wocewmarhi smaller | ane width should be asse.
vel ocities. At |l ow velocities, Fhbott2 estcleenar i os
bottom scenario is more critical

Anot her acsoprmebcitnatsi drheof different influences o
The two scendriigbS8hcalepi ditederneant criticality,

l ocities. At higher velocittikRan anbredhisngnmam
I n the top scenari o, evasion is impossible du
the criticality is much higher. Depending on

dent might not betpeevemtabeérmraminyg mowkki lae¢ t he ¢
at the bottom.

v

Object1 ||

Object 1

Figure5-2 TS 2: Scenario with limited lane width

83K iihn, M.; Hannawald, L.: Driver Assistance and Road Safety (2016), p. 89.
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==

\1(' j —_— Object 2 ( il

Object 1 1@

Figure5-3 TS 3: Traffic jam senarios with static obstacle andfeint criticality

523 Eval uation Mdt rEixasting

I n thi,snesectcisomnm hat wer 2. 2n2mré& ddicaldudtne d eada
the emgmomi s and the Malks$i fmedat icen dot rnatte gcyo.n
esti mRWM3) oind (only addressed by a factor of t
abkenetic energy is protproud i Deaer i(tey ge s tCil ma
This wil/ be further di scussed in section

5231 Ti meeX Metri cs

The meitmearmCa os sTiT)gde(scri bes c¢cl oseness to a
road surbBdadecosl teplagls {TIBa, cti ticality is
prevention of | eaving the road might be de
time. Facing a rectangular corner at a high
i's rehlhue redm@ i ght apply at straight dri virt
angle, which is quickly corrected by a stec
cient in highway driving, so it is not reje

Al l ot her TTX metkisisomoc8se ancombpiecaticoh o
address all ®Agpebeotohtcsdent Roktuhrast adte nfaTnXd ¢
a boundary when the collisionsotoaolifmsdloed. s
Brake a(ndrlr BapSt eTer) €équi re the friction coeffi
esti mhdwewmer, it i s obvious that the critic
mati on, as the same scene tchaeanfgreisctiitesn cirg tr
mi ni mum. Hence, this is not regarded as a d
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The meltimie€asl | iITSTiGomd (T DB dagrse gned to be applied
front object. Il n this casRBMDbtehceayu sweo uslidd ebnwa sfea e
dents would be neglectedtol-ébpéet gnet ascbsnwhbadly
et ¥yt he medulicsnot be falsifalédob¢geatse acel lcios

Howevaelrs,i ffic adcdicov @d Mlgu stion o SERZ B3I dopass
t hTeS TB8mayt be assessed wilTSB, bwhbgéeéee arrel ani

uncritical evasion mdmewv sios maailoahl.lby wint lacltii g
l ociti es, the accident | ikelihood in the top
only possitHolwe vseame tTidieXth sy ¢ o n swidseer noabn eeucvte r s . T
simultaneous iIinflsuenaet opf s eWSer2mleatlosboc sfcal si f i
me tsraisc TTX met r isccssnemh eyr ea sslejsesct s dmwe com-col | i
clude, TTX metrics are not able to fulfill al

5232 Ot her -blasteed Metri cs

Tiemmased metrics apart fRof&EDCIITXa-dhhem@B)ics ar e n
Ti Aree a d WaHWVa (hWo r-Bit me€ o | | IWSTITn A(gReMns ful fill ed d
to the acchidefretr eantt zZéramm. TTX nmeaitasrtcesnsevh Ed and
vehicles are notPBIn ias cdod sticgsraaody uflcasncresyeea j ect or
while THW is designé@&abtfhomelteah gisf u@idnalccor af iig
because they do not avde pasisaetderas!| wekildt dreacea.us
ries are nROWMarcRMasi @emetd.ful filled. WTTC is des
scese@RM4i s not falsifeablkstacasedingSttoi shonl:
metric also consi dewWTsT Gsoteasstuppobijeotrsi ndobwevas
of acci denmnfthel ickaltiitamdd.ty @amdyeaebeotesaneavel loh
mat ed Wwecaalsseavheor | §S8ss$8 médkicapsersaedhe second
and also different types of scenari o are not
restadliS2swoul d be assessed with higher critical

5233 Accel ethasednMetrics

Accel ebraasteidonmet ri cs describe the necessary ac:
jects or rbadtheunhdiaci een c &eMifsi cfiudnfti |claend bbee ce

the driving dwnamBomét mmési sh&nooefficient 1is
the transi taibéome tac canenh(esheacs Bal N2, i Rsepdt.hbi iobmi t

woul d be regouaalreddat d I argeahttatedcthanh coaf i
However, the metrics only work on obXects tha:
metrics do, sPRPMhe2 ifealfalled.adde metrics al s
pat hs beddguwrese aasch reated individually. As a r

184 Mages, M. et al.: Intersection Assistance (2016), p. 1274.
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second object does nd&Etspierccrad d yye oamr ihti igchawlaiyts)
accidents is in | ongitudinal traffiTc.( abence
i n Asl j®%'%¥)g. eHowdv.er, some accident types ar e

5234 Vehi-mdee mébmtsed metri cs

I n NaDsd -$FtOd dihees measured vehicles movement s
ol ds as an a postceriitarciala sssceesnsame nots .t oA sf itrhde
consi @ecach,not hke figl uinlklnedvn I f the driver
maneuver or whoettmphaear@dv erf wads unr e amionea-bd e e
nar,i oswhich no extreme movements were neces
The metrics only assess the strength of a r

5235 Combination of sever al metrics

Al l aforementioned meheay cdkdo amet ffadlsfiiflile do rbee
according to the three test cases. Especi al
combi ned t energeadtu BB gfaanisshee f ul fafl | terde twa rtths .st
However, when combining metrics and definin
duce thpesjitiwubsdetecti d®)NenwnerechsetbecduniT&EBz
passed because the second objeyxtofdotelse nmdt r
RMlcannot be fulfilled.

5236 Summary

In the analysis of conventional metrics tha
iI's not passed. A reason is the avdeaidl,alsloe T&8
woul d not be included in the data as two Vv
RD2because relevant Bbijgichlseamet niotsinlcdiudfer
must considerogelihepl beodjyeetsheée criticaldit

be superposed as only t he Meotnrhiicnsatfiroonm itnhce e
pl anning domain consider al bhravaypabteé!l ynha
compafrer elntiosscweintahr ieach other. The goal IS
di fferent trajectory decisions by predictir
falsifiable with the derived d&¢ rHewevebe i

185 Asljung, D. et al.: Comparing Collision Threat Measures using EVT (2016).
186 Asljung, D. et al.: EVT for Vehicle Level Safety Validation (2017).

187 Junietz, P. et al.: Metrik zur Bewertung der Kritikalitat von Verkehrssituationersaedarien (2017).
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accident probability as they arsaabrdtalpdl @esi gn e
design of a new metric is described using con

5.3 Design of a Criticality Metr

Q9What are design gui deMiiRedgg ifcosr atchlteno rdle gl d
reqgui rdeemei nesd n @ 6?

Accor dipmge vsowmhichhea pntué t i pl e obj ects have to be c

in order to fulfil thenrégomréemanpest oMgt pi asan
falsified by simple test cases. Neverthel ess,
wel | acRvivwhenyg appl,bedaosedahay weornep aroet desi

di ffer esrcemilonasfttehaedy, are designed to predict th
trajectory withcodbtes | etyapgitcalolsy scomdhieder the f
mi ssion coupled with tmherriskk isf td eaelblyi sioanre.t
by using constraints that prsavearntobtghifasgwsehi cl e
derived previously, applicability of metrics

fore the introawsd i ofn iofs WADf3i+c ibeerct data. Appl |
rent traffic might be sufficient to gain trus
i's no guarantee that the metric wil/ perform .
t halti kesl y to perform sufficiently in both, hun
be defined that aim towards the fulfillment o
I n orderRM,o taldel rmestsri ¢ must pr ovriideee sa na oait cheomgtc
|l i kel i hood. This adopts théa. defvheirei eami of catl.i
def i nperdoxasmity to an accident due to high dri
ti me, @pmecidsmaming :dgser ve

Preci $uonhheraprrefciimeadn of cour s el camgil teu dui nndael r

precision is neglected, because disturbances

to increase criticalitpyi.caAsl yl onagrigteurditnhaaln diastte
|l east at higher travelling sTpheeerde)f pthhee yf oacrues n &
on | ateral di sturbances.

Therivingredyemawmeccan besdgecofbddi bynghdynami
t i-read fTrhiecstei oanr.e t he driving requirements or
action | evel. However, i f the driving skildl [
be determined. Only the Iimit, wherlea maniagci i
driving dynamidsivomgi Ekaiv® brlaft itome t owar ds ac
abiwoulyd be pdssitblweul d be ksncommnneviwthh cthh @ err &eeme
tive requirements are sodwardd swidkheludk atdli dewltd
be established.
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Threequrigaeodt i on time Iis the third el ement of
evasi on maneuver must start at the | atest,
driving dyvneamiict rneusset be cali brated using t
di fferences between human and machine are e
It is of outmost i mportance to establish g
ot herwise theiryapel i fadbi fity winll aifkel t|
data. As the driving skill is not precisely
esti mated. Whenever this is the case, they
be laynzae d .

531 Di scussion of Concepts for a Metr.i

I n this section, di fferent approaches for e
required data iIis not possible for advanced
i's analyzeefimeomdsuitabl e approach.

5311 Obj ePcrtedi cti on

To asbespossi blsec eonudtitedo nMfeutodr e t rajectories
This can be done without wusing information
This is caelvhédanwni pmi ofrh trajectory plannin
most common that predict the movement of o
statistic Bayedsletawoclk sas When evaluating rec
bl e et ot hues true trajectories o0$cceime qakejsddtoxn
knowme possehbhielegobrajectories areuBcemssed
However, this is only valid for abki mhféd-1t
enced oblangi ngt he-aedeAdt sya dovdafntaangea post eri o
ment is that behaviors that are subjectivel
did not turn out as criOneaé¢xampltdei § udmuir\ei
smal l-gatpi hoen a Fmomodway.y driving, igaps weéel |
hi gh speeds arenecesteamayl i drectaiume dMmea decel
object is too small

I n an aapeessesmieant i the scene i-Gbjnedt cdods c
decel erate. Neverthel ess, a behavior -li ke t
run because decel eration willd ootchceurr wwareds ,e ni
are reqesesd tbois behavior with a | esser sa
An a priori assexwsoeeind moéquihrre sameal i brated
obj.ecshceewnceul d be assessed as <critical becau
predicts deceleration with a (low) I|ikeliho
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assess drivimegapviwiht smal ll e 49 eMe vsearftahtteyd -eesxst,r ap o
gusdat et par apnseot etrhiez eaddv ant aAgseetifes iqsuearili Yo nlaibmhie
data available and further parametrization i g
favorable. Another aspect is that an a poster
avai Wabheexisting datandat medeéscbus dobebouhl :
par ed. However, tHissemisgnemhtr esultthe icmioveml it
|l ater al di stance. Wi thout sufficient dat a, It
surroundi ng ctcruafaftiec tihsa nmoar emoad el t hat i s just
To summari zestated fBhat pbetadvant agesebsment
advantages. The fact that data about the futu
of res$hnmgg behavior models that are a source
cept is obviously not found in trajectory pla
retaime. A similar concept 8 fowbhedethneeblent t

ronment representatiWwin hi 9§ ncsarfrfa cti echta dmd sat, ertih
tion could underestimate the true safety comp

that additional data i mprioovreis atshsee sesxniernatp,o |wahtiil
must be reevaluate with an updated model I N
suggests using a posteriori assessment, as it

5312 Criticality Assessment

From sbec2tiiBoonbs known t RéMi, itrheorcddart itcalfiulyf ialss
consider differenthet rdajiedtnayr ireesquamd nmesnstesss n 0
i mum. Different appeoathee khawncbuodbom be used
sessment of the scenario ar&. @i, 2aukadjeacti n t he
metrics wheirre timd roatuepaseds-bgaee efpipd ent i al
and opt iHeiyrzathieom. potential for the RM fill men
li s discussed.

For simple evasomdbsmhememwhleduui table trajecto

there is no emftomenaftiimal wheltdhti on i s the | east
of different maneuvers is also not covered. S
combination of st eersiong han dnebtrieokd gnppd anmathoeauny ea \s:
scendemoe, they are not eligible for EVT.

Sampdhbiasgd menkodds e trajectories based on rand
certain probarbeisluilttyi ndgi sitnr iab uhtiigohn Inru mbhlee loift g@ro-s
ature, eitherenhhefneember apéctd®drdst hdee fa wmaisl a bhl

BJunietz, P. et al.: Gaining XKheRigkFed\WAFOdaol (200%.0 mat ed Dr
189 Wachenfeld, W.; Winner, H.: Virtual Assessment of Automation in Field Operation (2015).

190 Stumper, D. et al.: Towards Charactatian of Driving Situations (2016).
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area aroundlThesd rdg feicrt idkRrtMyb B 0 macgemta rfi wisf iblu t
evearsy the foll owiWhge nexamplieghshaoawsh:ei agensopo
number of trajectories sampled in the avail
sessed as high. So only Ssinmilleart rsag eerca roira se s
asssesaccording to theitrmermivgintg beqgairemant
trajectory that is not part of the sampl e.

Potehitelad and optimization methods on the o
Especially, optimization methodsl coyl acdé¢omnd
to a defined cost function. 18 alwpgstongl g
t hetfausmsct i on. I f the cost function is modif
i n sdac®PRMLmi gbhet fuHéNntéedt he cost function s
ary acceleration, the reaction time and th

[
S
To conclude, out of all di scuss anb sauiptraobalceh e
for criticality metrics. However, the defin
i nformation wntbhooane oedeati o or mati on such
usual for trajeEvemytpoppraaydncz lasteiesoms pr omi Si n¢

of the requirements cannbeéei bg amp pdvaetead.but i s
A remaining challenge is the combination of
define the cosbefoombiaoaerd theypy sheael Functi on
minimzed in an optimization. This requires
andei ght pag croepwindeipdg aimied edesr i vetdthabopar ame
zationcamd |l gs@mebi trariness in the parsametr.i

ficatiyleatthe parameters are connected to th
vation of accidentHolwiekelr i homwodd eil $ i pgesss ihlel ed.

requires data that might not be avail abl e.
Accor dRM,g ttlhoe maxi mum value for the final m
the accident cannot be prevented. This coul
a way that at each time step, the value ran
using part of the cost function as <c¢critical
As the range of value for the final metric
one esmescwithout increased criticality are
which the collision is not preventable are

191 Rodemerk, C. et al.: Development of a general criticality criterion (2012).
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5313 Summary

As sumnhaersye design guidelines can be concl udec

T The metric shal/l epnpreder st b okbacbuoset @r
dynamic. reserve

T The three components shal/l be combined to

accident using the estimated driving skil!]l
T Parameterization and weightind ahdthesdi {ff
fied.

T I'f arbitrary parametrization i s chosen, t h
anal yzed.

T Object trajectories should be assessed a |

prediction model avail abl e.
T Al'l possi blta agcecitdeantesf rseheoul d be considere
with the | east accident | ikelihood. Trajec
I n the foll owing, a me tsrgi uci diesl idneevse | aonpde dt haec croer

derived above.

532 Definition of the Trajectory Critica

I n this section, a new nveetlroipce df obra scerd toinc atlriatjye
mi zattons called traj eAhooyeachvoiuetw ctahlei tcyo m pnudt eax
of TE€l giFvieg4iol | owing the design guidelines i
mi zation, finding the trajectory with the | ea
ment s haeeghted according to the ddrei awippgdg i ®ldi loln
of human driven traffic first, humahewvd-ri vi ng
ertheless, calibration for AD3+ must be possit
skill known. The oDpajectzedy uwi inlg Bumbldet Ipe ed

guiring a vehi5cl3¢ 2mddela Cosdct ifamaecnt henet bat i :
ments of(rceadficmhedtayrsd omc c@)aecrcaottiamini die desi gn

gui deTllhiinsesi s deesthr.o3keBd 2i.MTBe total TCI i s then
the costs of theeogurationrajetherprteai cti on
actively reduce the criticality of the situat
because the most critical part i s covered but
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VS S VRN
| AposterioriObjectTrajectories|—' 20 5 T hf >
Scene —_—
prediction _
l Variable Ego Trajectory '—» - ; Trajectory
;OV > - - -
, h Criticality
Index
VehicleModel - . ew
Ko | 0p @ho >
i P T ~— —
Optimization
Figure5-4 Overview of TCI comptation
532.1 Vehicl e model
In this section, it is discussed which vehi
section where pievinoasdytpobl i shetdis paper,
i nfluences oar & hted Sdwinsade resul t
The model i's the link between the inputs (.
or steering angle and longitudi-nahi alceel £y a
put, the | ateral acceleratngnangl éurbbeeausce
formation from steering angle to acceleratdi
putation of <criticality the position (inclu
and the velocity coofortdhen avteehsi c(lien diemr wdtl w@meel
depends on the cruatremdicelgodiywedtyd@anygl €n
and the agrhegd enatvehicoloe diThatreds ore, a mode
|l east three degrees Addiftriecerdalm y,DotFhe ipo srietq
nat enxe eitbsed atunsee posi ti on of the objects is ni
once the prediction horizon is initialized.
. e 4 , .
Astapace mod el wint hyw.stgad e awnmeac tiomr p uot vecto

dbdl')4idefiFnoerd most MPC appl itoammkbals , T ke U s ek .;
simplest approachmaes emovdbeaill dwibteh ac qwrisng ang
Compared to a morackeamplcdkxwosoidredl,e it i's mot
diection than a real car, becausbahgeteer al ce
angle because tire forces are notAsmadealesd | &
the criticality computed blys ctemet men rwihce n su ss

more advanced model . The maxi mal | at er al ac
t he model il gnores | oad-sshbeft nYw eti theg cccreirtniea a
highly critical stecbds ciosl dnther psteivmat ed, u\

192 Junietz, P. et al.: Critidity Metric for the Safety Validation of Automated Driving (2018).
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modAd .t he metric should be universally applic:
parameters might vary with differekhd tvleehi cl e
model does natngilec!| whev anglliep and course angl
readabi |l ity st lueseldetithesrt ead of
Theolni near vehicle model i s described by:
. DAT Of ~ 0
rvx(A)l’I :-Y'd) x[_ wll-»lj
' ":' Ild)ajETr7|’|
O (5.1)
”d‘)ﬁ 11 d-"lo Iy
a1 . Iy
ol @y v S
u (o) U
Assuming small course angle changes and small

t he model

I nitialieglngtthbeumsd atnhgel epr\zaa\lfria)g‘)y}dsm ewmxihn g
tismeéeep results to:

Nx(bl’lﬂ‘d):)br II:Il
e ||dJZpX(I)’.
R TIPA (5.2)
Ild).’. 11 d)%l) Il
T A !N dIL) Il
ul 0 Y —— 1
' u &z U
resulting in the system matrices:
mTmnepP T T L1
p MMM dppp T n (5.3)
- mnnnmnmnon - p T
T T T T m p P
and the system
9 0 0D (5.4)
Note that insteadverf &ltlecpmwie@tedfi ttyned opcrieevwi ous t
step is used. Thi sbumesal egapeoamnmpt @em@aaric dir a¢ e
at®¥due t-watiiamet syAs ecnomautr atciesnal effort is n

velocity of t heEspreecviiad U &y c ssimelprrailstiincgadids of t en |
and the velocityi ofp)drheeasedd.echr am e@urebti ned man

eral acceleration and braking is derived. Cha
t hper e vV eolusgjitsy used. For the compdit atthiiosn ionff Itun-e
ence i s cpoampeloynasedt he | ower magnitude of the

193Yi, B. etal.: Real time integrated vehicle dynamics control and trajectory planning (2016).
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vel oci ty alrtef unmublbteiupnieide dt.hat t he degiaypbaoaal
stepsi zesstwdwaweru,t tOhel | i nearization -4mi ght
change scenari os, so a q@o)apngd2iwsi d n dofe rceosnudlut
I n sub6c.hapt e

5322 Cost Function BaRhrdelCirmitnaray i€@gynsi deratio

As argued.i3n 1l et momi mi zati on of a cost fun

wi th minimal cr istpieccatl iotfy riemaccltu doinn g ttrheen gat h ,
The three aspects should be calibrated agai
skill. As the driving skill can only be rot
mali zedotal bmew compari son. Requirements whi
and the maximum value one, wil/ be di scusse
sessment must ful filb. amE e @ uniemrceensesnatrsi |oyf hs
the minimized value of the cost function. F
the sum 9fepslinimetrajectory, because the

the optimizati on.s nfeort tolne tchrei toitchaelri thya nads stehs
I mportance because otherwise a very critice

critical following steps. What options r ema
wi | | be diisddu8s&d 6i n sect
I n conclusion, the following steps are requ
T Definition of the: three el ements includi
o Highest Val ue
o Value without <criticality
o Normalization and progression between
1T Design odondc¢thieomoasndfthe criticality incl

o Weighting factors
o Al gebraic combination of the el ements

5323 Accel erati on

As mentioned before, the required accelerat
on criticality. Not onbyt baelkcsaosbethesdari ke
requiimetdhi s scene and a smaller reaction wc
i ncreased requirements in the other domai ns

of the accel erditvioshi nganhbeeadoekebbpdi é6nilby i
O(that must be known or estigmaNed)eanidngha
namic effects, the maxi‘nlDmcachdiengbt e Kamm
(Fi gbBag . However , -l idrueeart oc hdhreaontodnr f s i c¢i oh, t
with | ateral accegiex acth alnlse mgi mmp raen d hmonmt O0mad:
Assumihmg automated functions will work best
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absolute accelerations, especially because th
mat ed. Hence, i nstead 6f ga3bd r ioct iaoFa rgougred Isd ,ar ¢
55c) could be used as a representation for the
of the acceleration in longitudinal and | ater
coultdhédrurinfl uence the achievabl e,eaachuel erati o
to steedring effect or in I ongitudinal directic

torqguewleelt wionswlkadal odr if ar.r

a) b)

1

0.5

/ fip8

0

a
ey

-0.5

-1

a /' n.g
A T Hp8

)
9 05 0 05 1
A 1,8

Figure5-5 Different options to assess the criticality of tequired acceleration

Criticality

The formulas to calcul ate @hbercespbodungytoom
55are shown (550t B7%.ualtiifofnesr ent approaches or com
as wel |l , but would require in depth studying
automati on.
A (5.5)
°R T30
. 0 A (5.6)
0 @i - '
72 S))
6 () W ‘I‘Eloohoo (5.7)
0Q
To not overestimate the criticality, especial
l ong as the metric is used umutvtemaaleldy syisd emo
will be used in nhloé hfeol laopnpbrgovgi cshailefisdietr s.s A ert a
the vehicle or the driver cannot achieve part
5324 Reaction Ti me
The i mplementation of t he bneeccaeussseartyh e eraeca d toino
be in | ongitudinal (TTB) or | ateral direction
space must be available on the neighboring | al
reaction ti me:
a) Assume only daomkutngt ifomr dfheTTB with the dov

ing theiorceaseal where e

80
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5.Besign of a Criti

b) Det er mi ne whether there is free space a\
TT®i th the downside that analyti enpll ec @my
sion maneuvers (e.g. based 5.n2)s3.glmoi d tr

As option b) results in uncer tsapanctey,c lbeecxcka uis
trustworthy, opti dimsayewult sbenusedihatreras
reaction time based on TTB alone. To compen
solution of amarevasetectmanawndet he ego traje
evasion madnewmvewvasion i s detected, the opti
option b) because the frfeenspaqg@®a%iise nuasveadi |faob
TTR meaning the respective value of TTB for
TTB and TTS for the reevaluation.

As there is no further reactt @g,mtTiBmed nTeleSd e d
are calculated assuming constant accelerat.
variabl es &i gb@ eplihcet gdorimul a for TTB is der
ego and iochljeecats svuenhi ng ODhedbt ki bgadfeamdinohi
using the trsafelbloedh dieht anessPc.omp. Hill ent

Ego Vehicle OHi "H'HI

Figure5-6 Geometric rektions of an appoaching scenario

The ego vehicle travels constantly with the
eration until the reaction. After that, the
For the object vehicle,caoamet avretl . ockEdq wyatiisomss
di st ammce st he vaeleo ciotmbesned with the condit.i
exi sts whendtihe z@i oj aél igmipnati ng the br ake
guadrati(®l)Yquation

, . . “ P,
iAci Vaci®n Tor —@nte- c i AQD (5.8)

(i Ae Ui ap  To (5.9)

194 Hillenbrand, J. et al.: Situation assessment algorithm (2005).
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Ui ag Vaci QOrTer ‘i add (51D

withiaci i A& Q i 1apd equatior(5.10):

P oo 0 fae Usier Q11 O A1 - G113
¢ " Tiam 00 O AR
Solving Gdduelitgieosnul ts in two real solutions wi

actual TTBRragred tlkheresenting overtaking (or d
backwards.

For TTS similar considerations appthyng, dvdt now
depending on the neces@amyd leataddivdInWhieiranet e d i
| ater al di stance between the two vehicles 1is
B51p .

‘ Q. L ‘ (5.1
R oA Cm Al AQiicrhaoRoail WrToskoa '

Qiichidai Lodos gfbﬁ’ros (513

Combining(5.12) and(5.13) results into

pd)vTA o e 3Q fan Q11 Do 3Q - G1x
C h 163 OA1 Wp c'l’A‘éQ 63 IIC'UOAIQ‘iAEQ

Agai n, sol vi ng trhees ud hasd rilaadi ca seigtuhaen i mifnn t he t wo

sol ut i ornesa sdairestt do ctaHaeb oovnee.s

For the normalization of the reaction ti me, (
Il i mi t i s when no reaction time remains. Il n co
dr eds,s ear e: Wh at i s the | ower I i mit and how shoc

reaction time? Studies about brake reaction t
can be used as a basis for thome dacroinwsiirdgerakilc
Habe Atacnhatl yzed studies f ocusi®fgouonnd rtehaactt itone tni
dian of reaction ti mes iDf hHieg eaxpe rNiimesmcthse wWasu
2% percentil e wass baendveteme @ Brasmaeb edewxden 1. 0
1.s¥* 1 n a more recent study for the European £
Anal ysi s, '®fHuwgrednatnmacdi sat rGabmuniai on woul d be the
although more detailed expé¢oi meptrofwoanmidd fbe.n

195 Habenicht, S.: Entwicklung eines mandverbasierten Fahrstreifenwechselassistenten (20123;7pp. 35
19 Burckhardt, M.:Reaktionszeiten bei Notbremsvorgangen (1985).
197Dohler, H.; NITSCHE, K.: New mathematical findings on reaction times (2008).

198 Hugemann, W.: Driver reaction times in roadftca(2002).
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600 100%

500 - N 80% //

60% e f

40% i ;r[(

| 20% e

100 [ | e H H
oA B 0% 7 i

T T 7 T
0.2 0.4 0.6 0.8 1.0 12 1.4

Class width: 0.05 s

Absolute count
w
(=]
(=]
Culmulative Distribution

e e e L e
0.2 0.4 0.6 0.8 1.0 1.2 1.4
Reaction time [s] Reaction time [s]

Figure5-7 Data for brake reaction time by Hugem&frbased on Burckhartif

A possible approach to normalize theCrreact.i
woul d bcai gtorifbdt iaon f-dnstrobuf{eog. aSasmmgges
tion ti.hes usrtud dhita $vrei but i omulfdi ntch e @ nbues ianpgp r o X
the following formula that determinefs the |
i's bigger than the Tegquired brake reaction

6t 0t t  p to2 513
However, the avail abl e'%paotiantiss oiurts ufhfaitc iiennt
i ng, reaction ts mase ofommaor ¢ hamo tMhdins tt rhac t
For AD3+ reaction times, it is broadly assu
recognition and motion planning takes ti me
compl exity. Neverthel esisestwiet ditshe i daudn e na
do not allow calibration of the driving ski

a reaction time of zero and thas oher emaweni
reaction ti me fCornsheupmemttirygf fai d i near decr e

more detailed data would be required to |
Hence, the following formula is used furthe
bret  p o EiG t <O (515
cO
Linear re@fretsleedt@umwinat i vac adarsdirn do(but Hi seng U autn
probabil ye afawtoGathimaant r i buti on fi (bldrcegaddinggt
overall accuracy.Howevbhe, apprordmaesbdbnmat es
critical region, whiecht hhaans oav elreesd i snat é mg id
guency of highly critical events. Additionas

199 Hugemann, W.: Driver reaction times in road traffic (2002), p. 3.a: p. 3; b: p. 11

200 Burckhardt, M.: Reaktionszeiten bei Notbremsvorgangen (1985).
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so it also suits scenari o isctesnheal li clalén mhs padp
ot her words detthgeggv@eire:a bo

6fef O T LS R A Y
. . for (G1Yy
0 et op T T hei T H
Abwei bbrderl ine, the criticalbiotrydeird imeer e€gtiitm

i s underesti mated.

5325 Preci si on

The criticalityCrico mpotnead Pptrrexiightofnor ward as t
it is first anal yrzieods.usi ng exempl ary scena
A high precision of a trajectory is required

mi nor disturbances to the trajectory would re
sary for speed and for t hkey ctoluea scér iamagrl .e Aa sp rbe
speed is especially required when driving behi
smal | di stance (where the speed must not be i
of a vehicles (wherdetheasepekrd Mustt wotsbenar
Fi g8 e Both cases are relatively easy to hand

change its speed because disturbances in | on
hawely minor influence and it is relatively e
own speed in the Afoll owingo sceinmdiDcamar i o.cl
Il s in conclusion the fAfoll owirreg@® gSmaerrdarn iod yu rsal
di stance that must not be undercut? Obviously
preceding vehicle reduces its speed. However,
reaction time. As sbenr asoCleadwemiselse brfakese
does not brake, the scenario is wuncritical

|l s therefore a beh-aeiadwatyhaotf avoass dema&ldl ctrii me
approaches héwaawamal nft umaced htehd rewarealcly ro
critical scenes. Todpuercshythaspdobabnbi behav

for the preceding vehicle could be used. The |
would then be useddtoeshasstessatheoarit meawoutuldo:
criticality. The frequency of such a scene wo.l
an event. However, this process would be erro
i stic modeal .a Iprosttead.,or i assessmégnd. ilsr utsheed as
l ong run, a systematic dri vi nghebaedhwaavyi owi Itlh aetx :
perience more scenes where otheabdakkel eeceatcitngn|
ing vehicle, but sufficient data iIs required
the average frequency.CRRAbBetbi Bsisoahddatdyonal
compon€nt for

8 4
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Figure5-8 fiFollowingd andficut-ind scenario

> 0w O 9 T O O T 5 O T o o

known from personal experience Iin every
obviously dependent on the | ateral distance
rive through a gap at a | ower speed compa
the velocity important to consider? It
rception ability that causeshitchlee dtrhirvoeurg hi
p . Il nstead, di stur bancwisndi,n rtohaed cuonuervseen nae
ecise control of the vehicleds system r ec
eed of the reaction myghh sheeemnsg. oVveceh
e availableuldiaherads ads scamiceol errors. Tl

mpensate these disturbances at al Cg ti me \
action ti me rcemtnlot fbreomedatveedbeaeldause di st
ded and there is also no data available
rmali zation of the known available reactd.i
r a hamanWhden vt he | aCehalul di b €a—mMeEh uns,l z €r

e there other scenarios that should be a
e componé&nits ptrreeilsatoear al di st atny et lWatvi edepude
e velocity multiplied wYthldeal dystuhbad
uld be approxi mated with a statistical mo
is case, an a posterilor ib eacsasuesses nieantta iasb oi um
urse angle is wusually not recorded. From
g on a highway ®iatth tlhaen e ewioditme nalfe d3 .sH em d
itical and stagtwitbh becmemsedhalplendgi As
|l e the corresponding reaction time is arb
ur seconds is the reoccurring Jd.i2na#4ad2t o f
peA)d.i xThis is equal to an assumed disturb.
s to be pointed out that this parameteri.:
me to ot hrerthesadd sveMMhel e i s approaching

dephicgb®xde i me reaction time due to distur|
e vehicle iIis beside the ego.

201 Forschungsgesellschaft fur StraRen und Verkehrsweseagénbn Autobahnen (2009).
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I n this case, wipe muismme bentaidldedat ohitimg@ reacti o
has more time to compensate the disturbance.

b Qii¢c Qao Qiic¢ Qa0 (5.1 B

Ooa1 OIDEM Opai O
Assuming that the occurring disturbance in co
velocity nor on the | ateral di stance, the rea

and -parnotpior ti onal tlhetdhiestvet bamntceg. and

Ego Vehicle

OHI "H'H'l

Figure5-9 Approaching with lateratistance

The effect on the final 6e2ulih wctorbenaeat gz
51y the following normalization wil/ be wused
should not result in an overestimating in the
weis i ntroduced that wildl be ar@l yp&dr snl yhea
weighting factor of 1/10 is wused that is incr

. . T O

cO Vo

5326 Cost Functi on

I n order to find the trajectory wiotrhmutlhaet endi ni |
that acoms the three el ements: acceleration, re
proach would be the summation of theotrhree el
the definition of the final criticality i1index

a Tk final value of the cost function is the
b) The criticality index is an algebraic comb

For both op@mitiuensf one of each component means:s
vent edcr istos i dnkebdyey aAsweédction andmpasedsi on a
according (btlda e@luatnidonbot h descri be a reaction
value of both component she omildi uwem urfeeac t(iacsn etq

8 6



5.Besign of a Criti

t hceombi mdt acmcel erati on a@aanrdp o eatchta oma xtii nmem bfau

i's insufficient @&@merceaquusier eals sdlltrei enlge raad csath i t y
change with decreasihbereactionlttwmeframsarc
nafmMth.er etfhoer ecombi nati on function shall al way
creases. When at | east one input i sSiarhready
il ar as GbE a@qddteramtltfRadauati equi rements. Wi
i nfor,matiomar approach is favored. I f 1t seE€
i n highbygentehse) jccoamhbi nati on funatiuvomr Tweulkd L
foll owing combinatiorCiotalk snol dfeippmeltde dfitua hf ic r i
al |l requirements:
6oi 6 M 0 vé’) 00 (52D
xEOE | A @,
As discussed previously, criticality should

ment siasWitthe current discrete 8lseppdyuyrthg f
criticajledtyoryherlicreasal t sy i ndex

Qs | ABoi BhBoi. on (521

Ca 0.5

o O

Figure5-10 Combination function for criticality

Fol l owi b)g, oepqhiZzainsomsed as thei somitnifomhzeédon
the trajectory wi ®AB ©DheéymathieimanlacxaNmittteypcsafiisa |

relevant for the optimization, the resultir
nent ® omptuh vector have onnot fienfnhauxeinncael ocnr itthie
interest, this is not problematic.

The costlcboocudes t o:
0 I A@Bsi B:Boi. on (52 2
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5327 Progr ammi ng awod kHaroavmet ri zati on

The costi $ uacrnnudIntiinfeaamrcAd @dint. i bemagrnohl ém i s not
nonlinear bmwomooaexal €onvexity is trivially ex
nari o where a single oWb¢lice!| & rloamesa riohnardd & owhte r ¢
there is an additional vehicle on the right |
stagiin the centefTwdahecals mositmarextxiistal for p
right with passing |left as the gl obal mi ni mum
so additional Heernackei,n g hies prreogoutiermeidzeadq u iorne s Mall d b
i ni tial atrreajuescetdorticescover disfifnerl airdti n@g@mervgen myn
both sides, braking omhe usnedd ciommbtiinaeld tnraanjeeucvted
ing to the i1initial I nPiugblra&@ cey eamei daescarkede
pend&8iAddi tionally, the a posteriori trajectory
automation has decided for, alsl yus etch esws$sioa dudtiitoinc
converges to the smallest costs is selected.

0 20 40 60 80
x inm

Figure5-11 Initial trajectories for global mimization

Parameterization of the step sinze fard tthlee rpersa

as wel | . Both are also relevant fobwvioumpyt at.i
influences the BesmoleiscemEgCHhta bifelwilsduosoma | |

However, this is compensraitoe danbdy naonsacl gmneze tn gs eal ew
As the vehicle travels further, the optimizat|
zon and assessed accordingly. A disadvantage ¢
ment cannot ¢ haangreeaicttsb btehhea va potri miiszed traject
each deviation from the original recorded tr aj
objects. So the prediction horizon should be
duratipmé@diThtti on must be far enough i1 nto the f

t hsecendhis cannot be shorter than the typical
to be assumed for this duration(&fger aaprevcenm!
ing vehicl eAlato,f ultl esbhmd kx)bteaw 1 eng maneuver t he

8 8
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the criticality af tcehrawnagred.s ,Whei.lge. bbrraakkiinngg roer
stantly duy5 Jbaol egeathange requires time to
i's reduced only affTher mi hemwmoder maneunverf. | ¢
ways was founs®t sobda haet plrealdstcti on ti me sho
the compl estl ioover | ane cd awiglels, ba Wsiedtfi omt lod
The choice of the step size is mainly an i
unnecessarily smadidi tsd ega bdeu rwintgh teneechpr edi c

addmali oi nput variables are part of the opt
guency i s al so Hoeweuwierred tfhoer sttheep dsatzae. shoul
the smallest reaction time that ocncdurtsheas
system del ay WWkrilge tlhhe Mbum&kn ndgni ver typical
0.5 the reaction time of future systems is
tion times are sumnesdt iunpat & dmei onfsef@hcwhi roenly itiad smel
as step size in the following.

To avoid optimizati on ouijcsoindset raafi ndrsi vionrg tdhy
ment s egufeared i miting the maxi mum aécel eedti

by appr okKxaimnmedtsi ncgi rcl e with | inear 2%i nlihtiast i o
al |l be¢ks near constraints fKoaarmndlse co paqilpwai aaxast-ioov
mated, so acupleoathencwatseof(bhamre aalcloo e a

Additionatocawstdacatlt ki sane astdmned)ludaleldihs |
check is included because the I[&ltlan@lP and |

become zero in case of a collision during t
To reduce computational effort further, t he
vector |l eads to a TCl tdaeanes { hegkeirgbélay a
uncritical and constant dSruibvsiersg @amré ns | oingeh ts ck
nario often have a similar criticality and
be counted as sepamate so anufrenoiamoge! e@rn t1li0cOa |k m
a scenario occurs where TCI is 0.3 at the b
only be ewvaleanfet Edl aG. 2 once in 106 HomneThbyg
triggee. gvedtbvi ncgec eMi@rheotuitorhiogrh car i tjoacal ity
by using a defined | ength for each scenaric
plication on 2ihne thhieg hnDe xDta tcahsaeptt 80rm, t 9 epraerl d ti e
di stancel,arso atvlag |l mdxi mum TCI of ea.chTld th

202Toledo, T.; Zohar, D.: Modeling duration of lane changes (2007), p. 71.

203Wolff, C.: Grundlegendes zum Bremsvorgang (2017), p. 19.

204Yij, B. et al.: Real time integrated vehicle dynamics control and trajectory pta(2ini6).

205Ulbrich, S.; Mairer, M.: Towards tactical lane change behavior planning for automated vehicles (2015).

206 Krajewski, R. et al.: The highd dataset (2018).
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5Mi croscopi c Ri sk

flowchart of the wused progrgaéHh® Thef vawakarotf it
threbbatsd di scussed in the next chapter.

<Next SteDﬁ
v

min('g g atInitialization

Start Optimization
v

Save Result

v
%l AZEAATAO
Yes

Save max@ g for Scenario
v
Next Scenario

A

Figure5-12 Flowchart for the application

5328 Adaptti@®mr ved Roads

The egdavtelomped in this sectgeamaseydesisgnred- f
mon on hGughmaysds i nfluence phetcofttibal avgi bal
rod&ddiction is used for holding the | ane. Addi

the assumption that the course angle is not <c
i nsgcsnet hangd er s @ndhamupaudslcy. To address this
dinates are intarbpedacsesfioamddt hezxiad ahgl yowd heh

road curvature wiakhsa perpendicul ar
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5.Besign of a Criti

Figure5-13 Curvilinearvehicle coordinates

Adapgaireen now only requbeeduseglhadéenghdid&ean:
rical to | ednd atna trheghassedement of | ater al
circle in curvilidneadewosrdi.ndAdapti eonsbif T4
the underlying agHiddimptti bhat float egqalataonel er a
i's possible. Ho weatr e (nithni adhuerrv ial cicneebaerd act of corad i
out si de oifs tchoempceonrsnaetred by | ower potenti al

So it is further assumed that the duration
enced by the curvature of the road.

The eval uaetigmad coefl etrhaet i on however, needs to
the baseline ldytderal oaltouebBweftadtimonnr ansf or med
Y 350 (5.2 B
x EO&y, o J
A downside of this approach is that wvehicl
wor-bd -egor di nates cannot be described in ¢t

because the rectangul ar memkRepre d maltlr anwsrfwa tme
torways, the efdrecd o rogban deep pireqgX iteoitendnngs i o n
(compghbX¥ i n -caf ft rbaedteween accuracy and compul

/j/ CorrectRepresentation
1

Figure5-14 Comparison of ideal representation anddbeectrepresentation for cornering to l@ft
curvilinear coordinates
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54 Di scusasndnEval uati on of T CI

I n this subchapt elrCl st heev adl euvaetl eodp elda sneedt aamt t he
design guidelinbBbshh@r8véd in sections

RMll n case of an increased crash | iketdehood, t
pendent df atclcd dteynge o

TCl is developed according. Gaoddt hes dexirgerd oglei ¢
of assessing all types of acchddw2aotTlHaltse sty
t hetmi cs :elCoginbkeirliintgy and nai it bw eldf@2Ba s dase cov
GlBMul-dbhj ect scenari os are @@vdrme & elde d anu ae ptrtea
apprioachudi mg albljnepatassieti on to those theoreti:
scenarios are &pAlied in subchapter

Neverthel ess, there is no pr.odafe faorbitthearf mlefsi
parametri zatato(bd el Yga n(BL Ps eqgdeéaxatt t he metric wi
further calibration ins ®obpdetheombetfprlkecthbhe e

ri.skHoweviecrat ivoerr iifs only possible using | arge
paring the extrapolated accidentBefoke wihé t |
introduction of ADS3*+, this is only achievabl
AD3+ llyi keequires different parametrization (e
final AD3+ function is availabl e, the metric

knowl edge and reevaluated dNevagtthheds €mmentgr iacn d
should be abl e t® ff uplafrialnie ttrhiez erde qcuoirrreentetnity b e c
|l i nes werhkoweovlelroowesdoome par ameter s, e. g. regar
main uncertain resulting in an uncertainty of

RM2T hwal ue ofs Hhaleltinmectrreiacs e sotrr indcet chr geraesaesai snhg
proximity towardsrapkeewnt humerni coVvVhlisgeon

This reqftiul ank htetdg scr ash cannot basipmgegvferndmd ¢
a mini mum vTaheuediorfeczterloi.nk to crash proximity
design guidelines and i mplementing the three
pl ained above, the wbhadbteienad @axnsd nctal iabrrba ttiroan y
a basis for parameterization based on data or

RM3The sevédrei ppteihti al accident shall be estir

This requirement is not addressedskeweTClty As
is manifold and depends not only on the veloc
and pasAsne negsetrismati on could be done by wusing th
cles at the highest criti celvietry tays baswdr tn @
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5. D4 scussion and Eval

statKessanodépeutr sauled a similar approach for ¢

howevdéaractual collisnohhslpecau sued ytkhneo wno | | i s
mitigated. tAhhei ghecp@loicimy .t oift i s still Il i kel
reduced I f a coltlhtsshieonmncwauwalld cfodllliosw,ons os pee
worcsatse approximation is |likely to overest.i

stasofstwiet y at the highest c¢r iCoinccdluistiw ev al,
metric I s not el idgipbelned ashod yebéi mpasehsevekiey
a worst case estimation or estimatmhgsbenwgemn
di fferent severity categories.

RMAThe metric shaslescdevt ebneglak aveisti cal

This requirement addresses the second purp:
scenari os dfeoi veaesobncase has to be pointed

sceanse cri tical, if the driver reaction was
assessed as <critical i f the remainommgemtact
data must be correotnadahfditcheée oavaulsablbe Kinmoe
al | srcistnieclafl t hi s 1 si dfeunltfisftidecesd drhteeet mgt ais s u
the driving skildl I's cbpwstdamntzi apdsnotThsey mp e

metric only addresses the Fagtiuh@Emilsewsalf fofcite
for an extrapolationnatieguhacicesashn|l pketi bo:

cticaltihdeyt iooan | evel. However, for identific
devel op metrics that identify checacae lscew
unknowns are identified faster using | ess d

207Kusano, K. D.; Gabler, H. C.: Potential occupant injury reduction (2010).
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6 Appl i can®¥emi fi cati on

Il n this chapter, TCI -wosr ladp pdatead. oRit fasett.i éistc iiad
casfeasom e AQto2owver i f yby osr behlayi assessing the ¢
it i's appl gDt oane it hhrewihretchoofded trajectories f
traffic TheGekyany.oal I's t o sdkcemnieviet t hdei fdfi esrterr
criticality amgVvuhalto maxtd ygpalppt¢ crash risk.

6.1 Ver i fiicra¢e stonCases

I n this subchapter, the metric i5. 24p2pt hed on
metric was developed foll owing the design gui
i's expected.

The first tteesstt fooasecoirsneaing scenari os. The m
geometirnycramalse the critical i(32y wAcdhorcdirvgtuo et
guidelines for G& mahbedovarwagss REANG 1Mhe | es

a small <criticality is expected when travell.|
t wo dicfufrevretnatb®eve and below the threshold are
when the criticality increases.

The secasde atl egsawistsimg objects at a small | atera
is small, the criticality increases due to th
ti GbhYP . In the test, twod:I adree awiltdlit ed.ahces sane
and the sencdmd ewiat h d1 st ance. The test case i
results in a higher <crvietlioccailtiyt yi.s |IIn4d @ hkem/shc eanma

vel ocityr esegibd \kargtlaa ktirnungc k on t he motor way.

| ®#i g6Ltehe tesoDrreéedvel asesprewentT8d. Both test
because the more critical wvariation of the TS
neriesgy Ttases results in TCI values of 9.9 and
nering at the given speed and curvature woul d
anarespectiabeolutsiCanadf19. The rel abonvefp2ehort p
vents a higher TCI because duri ngitdhee opr e@dhiect
road resulting in a smaller curvature of the \
The second TS is also passeadaskbdcatse hehes mait i &
t anRBef.ore reaching the odqretcitnuadnhsd ayg laysd iewalsii to

208 Forschungsgesellschaft fir StraRen und Verkehrswesen: Anlage von Autobahnen (2009).
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6. Merification in

or a decel er atTihen TiCd dtoirl It hpo fhisighhlee. di st anc
driving sitoatwagniensimelmotto the evenly t
a hint that the metric is in fact applicabl

The third TS evaluates t woehsicrhielsara pspaeomacrhiec
static vsehiisclteysp.i cTahli when viap plr o0 ckhm/nhg) taraftfr
drive at awveéhiower kmsmpbpd [(n the first scenar

where -takiehge i s travelling, so amscewnasi on
both | anes are blocked, so braking is the o
egwehicle shows no reaction, wultimately col
is fulfilled when t heqfuiarl 9t cgdeanarailo tsyh aws &
the crash can be prevented at a smaller di
equal to 100, should be reached | ater. Add
expectFedod ern he evaluation of TCI in four di

tionally, TTB is applied f6r2,c8mMpBrdceosn.n Ats
the test case becausegsmentr eisud e sen centheofs a

evasion. TCI performs as expected. The scen
i cal than the scenario with only one bl ock:e
the | ast momeepntwhewuédtbhe paceveéeénted is i1 de
TTB. The difference between the scenari os \

the evasion trajectory requires similar acc

50 T T T | Y D
—e-v =60km/h, d =0.1m
rel lat .’
4O0r_——v =60kmh, d =1m ) .
rel lat ,/
S0k #/=1/(1000 m) v=140 km/h| .
o T [ % =1/(800 m) v=140 km/h | ,*
NH '/
20 F L ]
10 il
0 ' ! : : '
20 15 10 5 0 -5 -10

Distance to Object dlong in m / constant scene for curvature scenario

Figure6-1 Evaluationof TS1 and TS2vith two similar scenarios each
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v —60kmh 100 0
rel
Vel 60 km/h evasion possible 80F _.-- ’ 11
.......... v =120 km/h o 60} 12 =
----- v =120 km/h evasion possible| ™ 13 &
rel 40 '
— V=60 km/h {4
-—-v_ =120km/h 20 .
rel ol H _opd H 1 5
120 100 80 60 40 20 0

Distance to slow Object dlong inm

Figure 6-2 Evaluation of TS; Approaching on a traffic jam with collision, comparison of one
blocked lane (evasion possibigith two blocked lanes

The development of TCI icghenultdi e expract eads &m
the choice of initial conditions for the gl ob
mum i s not found, anThecrefhbednd€l wibkl the fes
secbi @n4

6.2 Eval uati on oeOattahseethi ghD

Il n $ikchhapter, TCI i's appl i-deadetn tthhaet diag ad & s oorm
Krajews®i Tehte adlat a comndinsj eatajewdmbi®EB0s froc
vehiclesinttwoeldliiregtisectsotxnadd#&ZCG®r ent secti on:

mot osiwayGer many. The trajectories wefrley-acquir e
ing above t he rmeetsoramaly .o bTreacjte odti areegies i pornosc eas i ¢
(Fi g&#3)) €he authors do not provide information o

except that the Iteyspsii@aithThp ed wtuil ant hewrradoufadiriso n

of t hwerdeata@aonducted on the Lichtenberg high p
st 3%YTthe duration to analyze all ,vepi tbe70rapee
were used si nulet adnuercautsiloyn perendemitcloen wahse maie
density and téeewetiht iama laivtey amder edhuspeactoinodmsh iof 50
cl e

209 Krajewski, R. et al.: The highd dataset (2018).
210 https://www.highddataset.com/detajlaccessed on 02.05.2019

211 hitps://www.hhir.tudarmstadt.de/hhlr/index.en.jsaccessed on 02.05.2019.
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420 m

Figure6-3 Data acquisition fothe highD-dataset?

As TCI i's designecdat ot-gsimsbanheagoh vehicl
was analyzed separately rmsluéhgsiolg tihne 1t 1o0t,ad 0
i s algorEti.For each vehicle the environment de
dinated.ormMadamnon into curvilinear coordinat
orded on sTheidatta roppdrsaxi mates all vehicle
position, the dimensions and t he awmegllocecsi tairees
assumed as zero because the iIimage recognit:.
course angle of zero overestimates the crit
angle must be estimated bef croal ap mlei dathieo ® |
i nformation about the speed in | ateral and
the direction of the velocity vecthsr ,thoea b
velocity i nfor madt ifornom ss uablsreeqaudeyn tadoeproievaet h o n s
used. To prevent bias due to |l arge jumps 1in
from I inear approximation of t huesitnrgajtehcet ore
sqguares method

In 2016, the aver ageidipsit8ec enob otr wag®@d nwder

pmEl.So dihfef dree weeen recorded mil eage and ext
orders of magnitude, which i s?PSHowedvaerr ,t ot hte
hi gth®dDt aset i s not representative for motorw

nNo motorway access,nonobadonweéatulcern onl tsi ¢tanm
with certainty from the avoan |loafb | ac caicdce ndtesn tf
recor ded Sccohnoceintaiwoanasbh.oumnd 36Baof accidents in
of the OGempmanAkrci dent Stadguin1Gé dAISH diamialbars
diti ons t hdaant atshed Olsi giogphdti td roinsi n(g,t rno entry

212Krajewski, R. et al.: The highd dataset (2018), p. 2119.

213 Asljung, D. et al.: Comparing Collish Threat Measures using EVT (2016), p. 60.
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| ane mafHoiwegvse)r, cornering and reductsioon of | &
the percentage is |likely reduced even mor e. I
pared with then amnwoeroagna ydsi sitha ngceenbeersahle sand addi t
mat ¢ hef aver agetEd.i sNoatnec et hoaft t he i ssues of repr
when recording data witB. RD2tobeadsdarc| easl d campe
because data collection is not | imited to few

6.21 Di stri buti o®cede Critical

odroderreduce the computational effort, scenes
cirt s, ight braking resmdtfSuintmnhear TPt iorhi 2 aetsiso
cted. Al other scenes were analyzed. Conse
e scene was ndtheabhen @tusaddimMueAipBem.d h

enareée oveli olne driving througm wtalse comsa rdweea t ©
dependent and the maximal TCI in this scena
sesseed hiafngae lisand ol |l owed by the crseical sc
ading instead of bindakitmg. viethiics ef urst lmerc airna
e classificati omst Watp Ficy &4 eristic eonfa rtihoes dtahtaats e
ane changes anr estmoarieg hctr idtriicvalngt.hadowever, it
woul d have evolfvedhel elss veri tdiecalded for brakin
that sdi invgeafktemal evasi on iinfstetaidl lofp dsagidblbe .a kT |
whree t wehegde is classified as truck are | ess
However, this difference is not ob,selrara whe
changes by trucks are rare witheless Itihtan el 50
ni ficancle0s3clem atr o to &tlehe xecseheadhOd. %o f hTihgghest cr i ti c al
i's a38TClhhe most <critical scenes are analyzed

~ o 0 ~a =
< W > O T &£ O S

=y

214 Schoenawa; Stefan: Critical ScenarimsHumand Drivers (2017).
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| Empirical CDF

) ———

S 5 s

S 0.999

=

2

o 0.998F

=

i~

= 0997}

2

2 0996}

% 0.995 ——whole dataset

Q —trucks

g 0.994 scenario includes lane change

z — by Trucks

S 0.993 F . . . . !
10 15 20 25 30 35

]TC

Figure6-4 Cumulati\e distribution of TCl irthe dataset

6.22 Anal ysis of Critical Scenes

I n this section, the four most <cri%.i cTahle s c €
scemasepactedi awWi goFtedpi g&r8& e The code for i mag
i's supplied togdeatthdeshd tiwi s hende ihnglhbbde a veh

a sl ower object. I n al l scenarios, the dri
hard brakina@gll Sskkjeamatriives!|l va,re critical, how
pl anned the maneuver | ong ahead. Il n this «ceé
enfl yeswl tai dg f ferent TCI .

Furthermore, al |l four scenADBodsswogé@epr ob:
ankFi g68seshow rel atively aggmesging Oet weerg b
vehicles. I n the other scenes the disitance

the mandatory sahiehyidi $dtegm¢e to undergo fo
expected as a typical dr i vi nmgo uld edh gpwiodora bfl o/r
change | anes earlier or decelerate.

215Krajewski, R. et al.: The highd dataset (2018).
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i e =
TI82.12km/hlID72 - < TIB3.84km/hlID74, e

C1141.16km/hlID77

Figure6-5 Most criticalscene in most criticacenario with Tl 38%, vehicle 76 is overtaking with
Vrel = 18 km/h

112.61km/h o e mihlID 104
1139, 10km/hlID105 C132.52km/hIID106

Figure6-6 Most critical scene inescond most critical ®nario with TCI 37.7%, vehicle 104 is over-
taking withviei= 7 km/h and merging between two other vehicles

187.98km/hIIDET
Cl118.30km/h(1DS3

Figure6-7 Most critical scene irhird most critical scenario ith TCI 34.8%, vehicle 87 is approach-
ing with vies = 10km/h and later overtaking after vehicle 93 has passed.

Cl159.84km/hlID769

C1113.11km/hlID780 i C 127 30km/hlID763 1130.43km/h| D764

Figure 6-8 Most critical scene indrth most criticalscenario with TCI 34.19%, vehicle 769is ap-
proaching withviei = 63 km/h, scenario is later soldavith combined braking and evasion to the left
with total acceleration of B/s2.

6.23 Application of Extreme Value Theory

To estimate the accident occurrenceThate, EVT
equations used Iin thea&bbaseédoonastageveh t heag
duced id. 2eZhe2oadaverage distance between two a
way i sppartEd2ft The di st ance -deaotvaesreard® psnEdtbh e hi ghl
without any accidents. A distance Faguoe for

24, So the accident per diadtasrede giinvfesr mdtaitorstii
with 95% canhfitdencaev,ertalwe di stance @Ot ween ac

216 Destatis: VerkehrsunfalleFachserie 8 Reihg- 2015 (2015).
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p mMEI. Using EVT and data that-caseeasttcmatdeb:
be achieved. However, the data only represe
true mactielgmency on these small extracts 1is

is compared with the average accident fregq
stati stdasad emotrismati on of acci dpdp nkdiast ance
a waraste assumption based Jhmt hasasdegdssttiincaatl
for the true accident distance for those se

To select a threshold over which the obser
EVT, t hRee sMedauma | Life Ploz. 2.92.u2p¢dttcomgpt hee

excesses over the threshold. The plot shoul
threshol &Fi gB® ®tedddr eosnhol d of 12.5 is further
l'ine. Until this value, the Mean Resi dual L
(e.g. wuntil 23, leaving only eleven exceed:
ariltoynea due to the confidence interval. How
guence, reducing bias from relatively uncri
215
8
2 10 i
%
s 3 7
Gy
]
=)
S 0 -
g
10 15 20 25 30 35 40
I
thr

Figure6-9 Mean residual life plotdr TCI, dotted lires are 9% confidence intervals; selected thresh-
old of 12.5marked with vertical line

Using the threshold and the obsaewrd a5 % ncso noff

dence intaenrdaakesdeor ved maX6)rme szulntgi m@gg wart i on
myvand v p& To estimate the distance betwee
and especially the return period on a val uc
of includes posi tridv edevvailauteison af osrtYatrddesn o te t e n
derived by the delta method, becausneaxi-t i s

i mizing and mi@8wi tzh ngadeywudh adfohul fi loln-t he f
dition o6l a@mdav mrbyeiandgs c b of ititretnereviafés deer
picteidgGm@ccordi ng’, tla Calansdnudsit have a | ik
t hat |1 s tohnel y95h%a |ldgfu.acdfit st esmakthidem than the ma:
hood:

2l7Coles, S.: An introduction to statistical modeling of extreme values (2001), p. 42.
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fb,, Fl j-b,y Fl 1-[8) QHS (61)

The resulting extrapolationFamgér@ohhe-dworcet i n
case estimation for the tétipstEdn cveh ibceht wiese na bt oot
ti mes higher, than derived from accident freq.t
|l i hdiosltoap®@enEihas | ittl e issiogonéi danee fBuondt her .

——Maximum likelihood estimation
- - -95% confidence interval
- - —accident limit
* observations
¢ average accident distance on German motorway

10* 10° 10 10'°
expected distance between two events in km
Figure 6-10 Return level plot for Tl with extrapolation and confidence intervals (dotted); red

crosses are observations in the data, the diamon@latO0% marks the average distance between
accidents on German motorways.

The results do not falsify thideavep!l iboamidl iotfy t
95%onfidence interval i's more than ooa&l|l order
eval uatvieem aodaiddeemti | eage al one, indicating th
the estimation of safety performance compared

6.24 Sensitivity Anal ysi s

As demanded by the design peitrecii glags onarmli ttha
and the extrapolation method should be analyz
varying parameters in TClI and varying the thr

6.241 Parameteri zation of Reaction Ti me

Her e, t hfeore qruead (btiofiosn useme, which results into

nekibaserd an assumed nor mal di stribution of a
|l inear representation ofbltpheB&PdPEdasnsulggested
l' yzed 10y d$édeticamul ative distributiohlfff I s parart

Mp@and standadr did@de vBoatthi canppr oac Fe gélale eFcrompar e
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reaction times thegerithaal Dt® i s now | ower
rameterizati on wiwehe na 1s.tde eaphedrr @ andctrieoans et ibneet.
scenarios evaluated before are now assesse:
scenes are not part of the dataset. Wi th ¢t
the thre&€dhdlech ofr Thi gher. Therefore, t he ex
dents results in i nkEirg@@s2e dE vseanf etthye eawse sdsatpriad t
based omncotnhfei d%e5n% e 1 nt er val hraes ulhtes aivrera gcei
man motorway. However, the average distance
unknown so there is no definitive falsifica
ter, an estimation oflthké¢eaccioddPhksne diitss ragsa-e
sonabl e.
Due to the shape of the CDF, very steep 1in
mands small er reaction time. This is san adyv
and highéredabyg RRadmodst all drivers, as most
HugemMd&nrn arger reaction times are common in
studi es. Due to the shape of the CDF, incre
| atisaun tr ebecause the criticaadseyesmnicmatisers
concluded, that the distance 'hmt webnthwoanaa
reaction times are distributed pseexpest esde
parameterization with the | inear approach
ti mes. However, the analysis of additional

1 . I 0 . ———=

0.8} .

Lf‘o.6- .

0.4F .

ook PP -7 —gormal distribution i

—/,,—’ - - -linear CDF
02 1f8 176 1.I4 1.2 1 OTS 0?6 0?4 sz 0

7. ins
R

Figure6-11 Comparison of differentvaluation ofeaction time

218 Hugemann, W.: Driver reaction times in road traffic (2002).

103



6Application and Verification

——Maximum likelihood estimation
- - -95% confidence interval
- - -accident limit
= observations
¢ average accident distance on German motorway

100 PR — - et

10 10* 10° 108 10"
expected distance between two events in km

Figure6-12 Return level plot for reaction time based on normal distribution CDF

6.24.2 Wei ghting of Precision

The weighting of theomeaotElPwasti chestuoesmegpgr pce
ously im 3Xs.exAtGcamr ef ul parametrization of 1/ 10

increased criticality based omnumadar tyaiwn amnlkgjl
Now, a weighting factor of one iIis used compar
As expected, the overall values of TCI are hi ¢
with small |l ater al di stances arealmdsgt odr i6t3i d &«
depi cRiegle+tXi3n Her e, an incorrect approximation c
an increased assessment of TCI. As both vehicl
|l ane changes,bet Hessceaemra tmicaht, t hough the dat ¢
cause the yaw angle is not directly measured.

C1103.90km/h1IDEBO 192.05km/hlID682 e
CI119.66km/hlIDEB7

C1125.50km/hi D684, C1130.36km/h11D635 [N 8 C1128.95km/hiIDEB S

Figure6-13 Most critical scene with highr weighting of precision; vehicle 687 is overtaking truck
number 682 after he is changing lanes.

Despite the higher assessment of TCI in indiyv
increased s d&figtrreddmgma® The r eacsromasisng hter edned
of higher TCI values that results in a shift
values. Based on the results revtahleu aptairoanmewtirtihz ac

including correct coumresoceu sa ncgd uver sies aandgvli es ehda sa sa
on the resulRi ggesr3deri ved from
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—Maximum likelihood estimation
- - -95% confidence interval
- - -accident limit
* observations
¢ average accident distance on German motorway

10° 108 10"
expected distance between two events in km

Figure6-14 Return level plot fohigher weighting of precisigni: = 20.

6.243 Accel eration weight

l hhis section, the influence of the accel er
of Kammos circlenowa somhacmmbs niesl @ase@dl er ati o
higher criticality. The i(B§i eee¢bb)dht awfoinclh si s

themolrm of the accel eravpirlom gercdroal ,i ntsh e adr ic
hi gher compared to tRerpseeness wp athhraemeanho-ir z a
salte influence is smal/l because no increase
A total of 217 scenarios reached a critical
old of 20 wdo!|luoevd nfgont hEeV THIingedr e Hieg6elrl o p me n 't
it is observed t tatghdomd nccaemasreidocrhave ad it

i mal cr iSthisc alhiet yc oonfb i n ecdh abrnr gaek i dnefsi cgréHgified da nbey
application of EVT did not falsify the par:
within the extrapolated 95% confidence inte
accelerations | eads tpo tm@n¢ mesyt i wiait cehd issh agree &
with higher certainty compared -tonpreenoesi
terval for TCI 100.

However, the results also show that the f ol
a greatvéaiuesoofthecr eased-eorail tuiad aeldi twi,t hs oan
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_10 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Ithr

Figure 6-15 Mean residual life plotdr TCI, dotted lines are 95% confidence intervals; selected
threshold of 20 marked with v&ral line

——Maximum likelihood estimation
- --95% confidence interval
- - -accident limit
* observations
¢ average accident distance on German motorway

100

. 80
£ 60
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102 10° 10* 103 10° 107 108 10° 10'°

expected distance between two events in km

Figure6-16 Return level plot foreduced combined acceleratiohg;= 20.
6.244 I ni ti al Conditions
To analyze the influence on initial condi tion
Ssiomjtctories to investigate the assumption t
i nitial Nowhditt hbohb alrpexroanrde tt @ nminsedei pehesdong o
maneuver (abotahstsiedveass)i:on wi th maxi mal | ater al
An evaluation with additional i ni ti al condi ti
computational effort increases with every add

| #i g6 Anki g61®% theofeshkt®valuation are displ
scenarios exceed the threshold of ten (0.14%)

cases, the global minimum was not found becau
ries resul tcadiitry.| dwer stcrionig | ateral decel era
in a collision with another object,fseethe op
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6. E2val uati on-Daft as bt

trajectory requiring a minor | ateralesaccel e
ti mation predicts 'hm,adesgéene tdhet Aanhgeeof ct
of course the different shape of the extrap
Neverthel ecsass e texet rwop cltatii mtne rbvaasle ds wgig @ htes 9r

accidents, but only by a factor of about tw
I't is not surprising that despite having Vv
values, the overall aesBé&asbkbme retv aiss ame mp saf delcH
cult to find due to initial conditions, sce
required, are highly critical

£ 20

510

T 0

g

g

-10

—_
S
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thr

Figure 6-17 Mean residual life plotdr TCI, dotted lines are 95% datence intervals; selected
threshold marked with vertical line

—Maximum likelihood estimation
- - -95% confidence interval
- - -accident limit
= observations
¢ average accident distance on German motorway

100

10 10° 10* 10° 10° 10’ 108 10° 10"
expected distance between two events in km
Figure 6-18 Return level plot for Tl with extrapolation and confidence intervals (dotted); red

crosses are observations in the data, the ahanat TCI 100 marks the average distance between
accidents on German motorways.
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6.245 Threslsel @cti on

The selection of a threshold for EVT is wusual
ing. The threshold of 12.baasvebyggembetd abmbe
ceedances resulting in a high variance. Never
i FIi g6tY® At a threshold of 12 and higher, espe
,changes with different thresholds, resulting
tions of average accident distances. However,
95% confidence intervahdl&iman g @ shiada mltayt n i ectansete nt |
result is reliable. Nevertheless, more data i
thresholds to reduce bias from uncritical res

The results imply that differ entndthher essahfoetdys s
of AD3+, where the trud&haver ahpe diasti smomee | i & el
mation has |little significance, the 95% confi
tistical proof of safety based on accidents a

——Maximum likelihood estimation
- --95% confidence interval
- - -accident limit
= observations
¢ average accident distance on German motorway

100 fF====== S S At asme TV

10* 10° 108 10'° 107 10* 10° 10
expected distance between two events in km expected distance between two events in km

Figure6-19 Comparison of different thresholds
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6. SBummary

6.3 Summary

To conclude, the application of EVT did not

|l ati on of average accident di ®opadcéo| | Dhvii 1 ¢
design princi plb5es3.dheervievretdh eilne ssse c ttihoen i ncr e a
eligibility is |Iimited as the statistical v
tion iIisskasgei vihg analysis shows that the

pendent of parameterization and threshol d
worcsatse estimation for average accident fre

foCl T100. I ndependent of the parameter cho
accidents Paed®’kb@t whémrmhl0s about one order
based on -fheeamcidagée al one. As so®int iawi tmpor
anal ysi s -ea\nalud alt dd meducing uncertainty in

rameter sets might be falsifiable when appl

For AD3+ vehicles, TCI computatcan bbaoahdsete
based on the knowledge of the systems drivi
drivers. The correct TTR is derivable from
of the trajectory conteabttiadditimenal ll y, btel
the time that 1is required by data processin
tailored to the specified driving funct.i
rameters dg msotati emaica] amlkertainty inf]
om data alone and thsse psbdmaésonsl i &bt b
nce, the uncertainty wil/ shrink, which
rom sabchapt

v =T 9 O»

i

Y
f
t
f

Applying the metric with reduced initial C
has several | ocal minima. 1t is not guarant
initial condithonbkd &usarftoceseanchmprovi ng
the -afrfadleet ween computational e f-sf eolret ¢ tainodn po
suitable initial conditions could also acce
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| n ftdlel otvhienggaso@rfe t hi s di s sreesteaaricom gruesgdatrida msg
dress€&€de key contributions are hiagdedriigvhhagad.d an

71 Macroscopic Ri sk

The three research quest i3oalstehteh afto|lweorwei ndger i v e

Q1lWhi ch viewpoints are necessartyi dano dofe consi
requirements for macroscopic risk?

Q2Whi a@tcept ance ,icfrvdlewp odemasuiilar e anal yzed sci
tifRPrcally

Q3What is thenindtduendgdeeomontbptacceptance cr
i @2?

Thet afet desaussi on about safety requoirrements

macroscopic risk requirements invédl Litrhgg al |

viewpoints of wuser, H$Hogciwetrye ardiivrdi viTheal i gav
di vi duaby piassefrtsen iignaarlesd peacauwod Nkdher soci et
theliegsshould be addressed individually becaus
erbsy and its requirements might vary from ind
whol e grouplis iadploesiselde to derive risk requ
perbenause their indivi duypaelr sroengaui reexnpeenrtise nntieg, h
benefit and affinity towards new technol ogi es
each vnewpe analyzed scientifically addressin

To derive quantitative r itsekc hrneamlualgrizesechit ss alt @l
gener al ri sk acceptance are analyzed to addre
ri sk acceptance varies with the experienced b
of exposure (volwueltatregd) naoé uadbeyd u gneegwo brH osrk sp atst
are unique to the technology larkermdf iitmpotrh ane
must be mini mal al soSodi eatnyoGsh erre guisrke mesn trse dfuo
reduction over timeiand tt o tmasopaacnt iddahecnrte ansuembienr
numbers can be compensatedwhydsa. sThiosgeempec:
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7 .Macros

copic

ivates’®®Kal amaleyzal how fast safety

» £~ 3
- O O O

-
- <

perfor

l e this concelpdc an gen g ermsddt thier, lenmmudtinoteeds n o t

ow increasing risk, a similar idea that
aluating the risk based obdeormrewfi cfi al ma (Tih
mited iwatsr ddwoenuil an darmd Wachmemnifeadtded by t

t
t al number of accidents even I f a system
i
I

rent test methods are unable to determine t
The 1 mpact for total safety is diluted when
The dilution of risk is used fobytdared qgaaanite
resul t owegeqgiunn r ements at the beginning of in

©T T
D @

% or.Quiaghert at e raeaqgcuciirdeemmetn tosc cfuorrr e n c

w to handle the darfdé eacdnitssedverity

> T QOO 9 e Ao~ 0 R
S Q2 09 W CQ@QO "0 o0 MmN

netration rate comparabl e t oheotshoecri emhedlsa
sd@dmwERqUI rements becomat sarfcéeked pbaatt aei

e rate

verity cannot beCdmpamwerdbdayddhet saimei avaiys

detailed accident statistics, but ot her
genous mortality are only available for f
y categ,ord st idchacoveiflrdeetne equi val ent to the
cidents Ass idiemasndgeude.st i onabl e, i f differe
ainst ,iemchsoshggested that a decrease in

iemims i n categories witWeiligbtsi sgveactgr du
ctor ten as used in |1S026262 was saiamaeanet ar
tes. However, further stushietsheabogputti vek

catego

dressing the third research quesltiimin,edi t
I ntr ogdauncdt itome expected field penetration in
where the uncertainty about the driving fun
As the safety performance of the first AD3+
an initial test di ssameguaefysdlleonu s & emif lalcit o
the uncert aduteoy fiiselrde doubcseedr vati on soartehat t
fulfilled at al/l ti me. However, i f the syst
by the user whoehas benekirfe®)y maacei over til
system or infrasttactome) ywiwli I hAseslutmda qnegqg t ehda
the user follows the hypothesis of sufficie
tical erv iidretnrceducat i on i s possible as soon &
unsupervised field test with 10 million km

21%Kalra, N.; Groves, D. G.: The Enemy of Good (2017).
220Wachenfeld, W. H.: Dissertation, How Stochastic can Help to Introduce AD (2017), p.3802
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The scope of this di sseacdp@MaaRvnlnmeegas rteme nd sr ibaas
di fferengotvhieeravipmoind gi es and r i s ki tacice prtatn cgeu asrt
antiefedt hose acesé&ptTehdee sluatjeerct i ve assessment of
of teha@mitented as dBstrEbpdadcail deectt § omappen s
after theorntfodwot aoaiiead esnhtosr th anpipleena gnei,t hgener a
i's questionable, though the statistical evide
and the faddepMaaRelnee ganfent s .

However, it 1 s unknown i f the wuser and the i1
introducti on. Her e, other test strategies midg
uncertainty is unknown or not sufficiently re

72 Mi croscopic Ri sk

The second part of this dissertation focusses

occurrimsgewkeishi ¢ dle goal to extrapolate the oc
derivation of wuncertainty is in focus as well
Theai e derive information about road safety
|l arge scale FOT arChaSNDXPystAudi epsa s(te .sgt.u dli0eds o n |
tain amount of data, so the i nf orHmantcieon tahbeo u't
application and developmemtappr on@d¢hh i tassdadl dow
able data. Critical scenes were identified us
t hat was cronpipteampde.dt Ader iovseeract i on i s often strotl
essary, false positive detectiongsieguthed.cons

Songchit Plakpspa ietd elx.treme value theory to ext
from criticahckoceae sitclhsatt htahte dneestcrr i fowel ftihlel cr i
certain redumhierenmemtic PET t hatbadesc rcil messe ncersist it
collision was not eligible presumabl yw because
depending on the scene even if the value of

promising results ihAustusyoblyyAapplbngalkle at
traffic. Ot her typeAsgaadfn, addiedemettadu@nsi glred ri end

approach based on the available data. Wi thout
ot her obdewnhsapproaph defining a metric that
types of accidents is IimpesviblbameWittpetrlceptu
more and more AD3+ prototypes, the -powmrsi bil it

221Dingus, T. A. et al.: The 166ar naturalistic driving study (2006).
222g5ongchitruksa, P.; Tarko, A. P.: The EVT approach to safety estimation (2006).
223 Asljung, D. et al.: Comparing Collision Threat Measwsiig EVT (2016).

224 psljung, D. et al.: EVT for Vehicle Level Safety Validation (2017).
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approach rises. Anot her source of data 1is
hi gthdt&s bt was eval Aat ek pilminhkids i nha dies .pr
the derivation of wuncertainty of the risk ¢
tion of the statiostitaet awaseant aeatly dOsenst ah
However, addi ht oral ruseefrom the parameter |
tainties ofl nthdheddod!| ows elgf tslreec-ddD@mmpmsmet heddl
o0gy the uofteregmdht pe devel opment and eval ua
di scussed.

721 Findings oidotwime MEdphodol ogy

As explained above, the availability of det
i n aotwnp approach. Based on the analysis of
metrics and t wo arreeq wdierdeunceerdt.s Vem idatcati on o0
feasi ble by application on | arge scale dat s
as it is for human traffic. For AD3+ syster
so verieffiocraet iionnt rboducti on i s i mpossible. Hel
based on the Ardquisidmemnmtts on folry apoasnickelde mie
eval ulat iamanfirst step, falsificatl ®infhieraadedt o
eligibilityefhset AD@tsh d owWiatd etrtircu sitn drne a shees nt
i fication for AD3+ vidéncéesdeaingmomt gbiedalcihn ¢
derived from the requi rsehmeuntds ftuHh ati Illead et o
progress in each research question is summa

Q4What are themieqoiscemé fomxstsrkapol attsiomg of
EVT

Q5Wh aatrtehe recpanr dmgatappimi catoiscmeds®i ¢ i sk
Q6What are themieqoimneedmdémtssi denti fi®ation

For all tduestiresse,arrcdhguiedemenmdtentwdn € ade fon
0s must prevent underestimation of <criticsz
ncr eas edOtchreirtwii eseelgiatfyav s edet ecti ons wi || ocC
cenes are micesras Asecratercasaht s dirmiva saigin g |
i staaegefsaredcol | ectFiomg EtViTe appeénesxati on, the
stic between metricdés value and criticalit
t oi fdf erent critical iBEgpeqgi &lIVITy iisn nditf faeprpd nitc
are critical due to different reasons (e.g.
to establish. To retain thegmeguidefromssab
and discussed below. Other requirements are

- a »n — —

225Krajewski, R. et al.: The highd dataset (2018).
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to an accident and thel festtheanaltaostn rodquihree me mats
only accident octcutrihe nrciesk attelsat biunclnudes sev
This would be a relevant contribution towards
requirements are fulfilled.

Q7Howan t he odVi iRegit bfiiolcisttyhe use cases MaR extr ap
ficati on boef fsaclesn & riieods?

Q8Do safattemet arts ful fderahM¥Hddn@eui rement s
As verification of a meannotr bgagmdhinmgygled etuessetg

casea falsification procedure i s essanhablrished.
thogonal <characteristic towards crash I|Iikelih
ilar scenes, where it tscabvi OQuns ywkdhitehecemreeér

scenes correctly meaning that the more critic
ity, the metri ©t hasisve sieg hHfea ltasidftii taadosneg . f al si f i c
be done bytavabudtsngi bad above. I f the true
side the shandwitdtbhlel metrodwhi senmoseltdbgnmbrda.

metrics are falsified using test cases, more
and the road geometry could not be falsified.

seem el igible. Neverthel ess, it is questionat
requirement because they are typtrcabl ytwnotitndde
types ofTaos ceemdaérVi eol seopf memdtthraitc § ul fi Il Il s this requ
gui delines are deduced.

Q9Wh at are design gui deMiiRedyg ifcesr atclceo rdda gl d
requi rdeemei nesd n @ 6?

I n order to descorritbheoogecomiedict alont y owiargsamacci de

it shal/l derive the driving requirements in a
Theoretically, paimet ninc eacath!l d evelamf the dr i\
cording to AmeHeswavkret asal mi stakes or failure
critical @rs ac tciogrs elaiemwlceuf fi cient to descridb
| eviehle.icmal ity is further separated into the tt
of course angl e, anAd Idrtihvrieneg cdoynmpaomi ecn trse sneursvte .t
a criticalida yt wtadlueof HatihckeegsirsdRapadamdéner s
weighting of each component . Based on the cur
al | object trajectories, the possible traject
trajectory with the | easntsrfidrn ctalhiig yt sajl ect @
basis for the @&rptionli agsassmeameand model b,
trajectories is another option. However, mo d
amount of data. vlafl utahtee dd adtia eicst liynstdedd eg ent ¢

226 Amersbach, C.; Winner, H.: Functional Decomposition (2017).
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enes wi || be part of the data without add
S .
e parameterization of the three criticald@i

wasnshowensitivity anal ysi s. For human t
nce of human drivers are insuFaukctenpatan
erizati ondvecanskkee tfthal girfuieedcdcci Ba seerd oac c ur |

t of feasible paaafimet ®tr swdoki mgmatynp iadda hleveir
tabBetbed. data on AD3+ systems is availab
verthel ess, deviation to daatmamidheiahdn ef u l
rameterization of parameters and the di s
ould be discussed.

2 FindingscentafRnsk Extrapol ati on

certain parameterizati on ya@eaX thirhaegsluadttisom.n
afet,hbeafbcus i s on uncertainty due to th
each scene that i s evhkdweuwerd, iar lrietgraa rdye d
on that can onley tlmae nd etcerumiarcegd hwist mna i o f |
ample Iis thheeaorimahi ziamé ono a criticality
tion accor Gildagn@lop eDe@e nMdirsp acmmet eri zat. i
ctory optimization results into different
e reaction time componEme trRrmreshalod | ad¢leec
another souhattie®rh agoeredshbwepdunbaet daf
resholds | ead .t® veeywdr kfegehypoebebis t
on for AD3+ and humasn r,dheei vreatsr icca na nbde euxste
t hod coulrdi zbeed puasriamge ttehe known human acci
eless, the true AD3+ accident rate might
afee, driving skill of a system is higher

e sensi tsi wswihtoweanalhpwdet he size of the unce
ation is in the same order of magnitude a
ed always when applying EVT abnads ead hoing hcerri ti
eet hs tcaatl i sutnicer t ai nt gdictaino rbael rdeatuac edi. gt a
derstanding of TCI parameters. When adapt
ms driving cappar ameiT€dNiewiemty hted eleeslfpi ftoumle ¢
uncertainty from unReastsaissi magr amet aehol ies
stacd ycompare different parameters, which r

e estimation of the itsewareistttyhoanasbehved, r iithyc | ¢
ti matsed f wier e at ntcyas eA awsosrusmipti on based on

227 Asljung, D. et al.: EVT for Vehicle Level Safety Validation (2017).
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possible but wildl overestimate the severity.
safety estimati on obuteticda manl ol te MaxR rraepgouli arteeme nt s
723 Devel dtMradainddat a Eval uati on

Devel oping a metric acdesridgmagprtiondihpl s qrud v eean
chall enges. First, the description onft the dri
Aprecisionodo: While it is obvious that the rec
with | ateral distance, thelfhetxtaenhgpar ametdesitzua
is unknown and wuswually not prargdomfwirteltorhde ddd
skill is challenging because the description
tions of reaction times might be used but it i
addi ti ona,l e.ag.anteh et hceo nspcleenxei.t y of

Evaluating the tat fisdowen tthlae hiageD overtakin
assessed as most <critical. The criticality 1in
course angl e i buthaimdsgarpto! efv etdhad udsaitbag eguent po
Nevertheless, the information on the objectds
t he-vedho cl e mi ght be compromised. Additional |\
maneuver ia&s itnhddamybercidegunknown. This might
action tiimme sr ebhekciatugspect i on al ready started. Esp
representation of the | ane change is difficul
it fifsi cduilt to observe from above. Further i mp
mi ght be advi sfesd T®Ir ifruclmedeeesamtghkeon t i me, t he
and planning of the dri Whrenwdaduiled dirné&btuthhde e etalr
correct path and is aware that an action wil/
t he pl amned kpmaotwm if rom dat a. For human driver
record, but should be i mplAbnteystwdngsorappl yi
mati on @damhmntrher .

These results show that the quality of data i
smal | | ateral distance results in inaccurate
cles auvuedbhe@eacdi fficulty of deriving a course ar
side of the dataset.

I n the data evaluation, a |limited set of init
computational effort. Heruel,d tbhee fcuorniphuetra tiinmopnr oov
evaluation of the bDeserstenédindstéeleogl obal mi
ditions ofsehebet bar opr € aAn dd edrait veastei iveep triemiuz a teid
met hod such as #thteiags iunspelde xb gmeniahechdaabd sal t er nat i

228 Krajewski, R. et al.: The highd dataset (2018).

229] agarias, J. C. et al.: Convergence properties of the Nivldad simplex method in low dimensions (1998).
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but cannot guaranteAddotif@qmail it ehse ant Mmii gniiuer ¢
effort.

To conclude, adoewbhhddvébopmaéaepttop MIi R metri
i ng requi memantdse, idesi and a test and fal sif
guidelines, the metric TCl was developed th
dat aset . However, uncertainties from arbitr
bl,eif the accident severity can be esti mat
estimates the distance between accidents wi
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Fi g&Xceoncl udes t hei socviessadd ime tliohaidsy ddsi st srearftfa tci c
studies about acceptable risk in other techno
MEM and ALARP are used to define quantitative
AD3 +. To extragobat ehdami baescopic risk (MiR)

metric called Trajectory Criticality Index (T
The developed metric is able to assess human
ments and design priendcifpulresh,eri,t dshpewmldd nbge oinmp
For data recorded by AD3+ vehicles, additiona
from the path planner to achieve more precise
hi gthd®t aset 1 n6D0deshoevke KkB. Neverthel ess, ap
high variance due to the extremely rare occur
bility of TClI as a metric is not falsified an
Howewercertainties due to arbitrary parameter:i
future wor k. Hence, more data should be used

iness from parametrization of the metric.

Human Test Drive or )
NDS AD Test Drive
Accident Statistics Criticality Metric Criticality Metric

= = —

e
Validation of th Scenario Estimated Safe
GAMAB Metric 7/ Database Performance 74
MEM ALARP Requirements for J .
and other > Safety Monitori
) AD
Technologies 7

Figure 8-1 Overview of the part fosafety validation discussed in this dissertation (modified from
Junietz et at®9)

230 Juniet, P. et al.: Criticality Metric for the Safety Validation of Automated Driving (2018), p. 61.
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Ri sk extrapolation could support the super\
field monitoringdiitni oonrad e re vtiod epnrcoev ifdoer asdaf et

cidents. I f the extrapolation suggests a hi
could be developses# Dbseawwvadi amghin the fut
scenes hebpthmpdovving function. An early i
potential is crucial, gaining time for the

i denti fication based on accidents alooone, de
sequences such as mandatory upd&bestbhre oewnén
supervision of the fleet, an online calcul a
If computed offline, | arge famowsntt soavidmg ac rmu
To achiteivhree raepapll i cabi I i ty, the computati ona
ternaoulve Ipeeselection of scenes with incr
the exact val ue. Dsaptrao cceosusledd boef fslaivneed and po

With knowledge of the system design, the m
cause it cannot be calibrated based on exis
can be done for human diry veextsr.a Holwetves ,r it sk
derlying scene that causes the accident ri s
an accident it hihtehonketarne rmontd el i gi bl e to ext
al ways | ead thou maann adcrciivdeern,t .t hF o pfraorb | aesm wdeo eks
human drivers are capabl e handling unknown
timased on thei B ptrhieo rmeetxhpoedr iiesn caep.pl i cabl e
Sitiontoi sdeabelcet and record the scene correc
system wi || handle rare and unknown scenar.i
about t &easowtit etthe possi bl eAseav hy peoxhabneptliec a h
astatic object on the road that is not det ec
| eads t o Earerac diidreent .t hi s nobjhecpatés oh t he
an accident 1 s t Bheneoc oancstelgduearitcr e ¢ éste st radr @ e a s
sensors recording a dataset do not detect t

The ultimate goal i's t as psraofoeft yt hcaot mptlhiee sd ewi
MaR requirements. The statisti ealt Jeiyiddaenccee
and the occurrence rate of cairsttamedenadentes
the actual AD3+ systems performancebyobtshe r
Vi ewpoi nt sdgtaat ibset ipaalviey. rHoswerveegru,i rtehmee npt ass s
diluted directly after the introduction can
significant enough due to | ack of data and
eterization. Kn o walte dogne chaans el de apda rtaomeatnr iizmpr o
one order of magnitude, as the sensmcew- ty
t airnetnyai ns.

The MaR requirements from passenger 6s Vviewp
not twie hpresented extr apofl atté$ afna trayp par poparcohv aolr.
cussed i nd.sbutblcdr appdesenger might accept the
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as not proven false. nNeveunghgelses g addsiutfif ocale
woul d increase confidence. The presented MiR
the discussed t eFsitgizs)ge sRaratteegs te sa p(pcroargpc hes ot F
testwind (©Or without EVTepstthesuhterctanoty bef dt
known how many mil &dasefd dreisti cg@gvarscemamhioow un:

i naccuracies can be described. Neeeetheloess,
gether before the market introduction.
To conclude, the following research questions

T Regarding the method of macroscopic risk e
o Devel opment of a method or process to g

to the passenger 6s requirements
o Research quantitative uncertainties fro
T Regarding the definition of MaR requiremen
o0 Whi c hwirliasckb eiprt ead fi nadowlhdddube dedi ved b
introduction?
o Do ot her ap pdreoraicvhaetsi of hoorweecriorei dseknst fsoerver it
exi st besides reduction proportionally
o Are there requirements to address the u
nol ogy that cannot be eliminated before
0 Wheaetxactly are the requirements for fiel
T Regarding the i mprovement of MiIi R metrics:
o0 Reduction of wuncertainitn etshe rbenw ealrdbpead a
metric
ol mprovement of MIi R metrics fyesn eAD3+usin
ol mprovement of numeri cal optimization <c
fied minimum compared to the gl obal mi n
Especially the quantitative description of ur
chall enge, ADBersystems must bworelvdalduraitveidn g nt ee
with uncertain outcome. Alternatively, the un

reduced further to reduce the testing effort.
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ATri gger Conditions 1 n NDS

Al10-Car S#udy

No. | Trigger Type Description

1. | LateralAcceleration WS 1&Q

2. | Longitudinal Accelera- ® ™ CQ
tion

3. Event Button Driver can push a button to mark an event

4. | Forward Timeto-Col- ws MOAALEI OA T O AEOCK®
lision 10 AOGAT O

YY6 1O AdiA ot

5. | Rear Time to Collision 1 Ignored targets with a speed >44.7 {1/80 mph)

1 rear range <15.2 m (50 ft) and the peak longitl
nal acceleration of the following vehicleG4 g.

1 Used a trigger value of twaeconds oless

6. | Yaw rate 1 The trigger criterion for yaw rate was any set
values that went from neutral (i.e., ~0) yaw ratq
+4 degrees/s, oscillated back -tb degrees/s (0
vice versa:4 to +4), and then returned to neut
within a 3second tine window.

1 minimum speed of 6.7 m/s (15 mph)

A2 SHRP*®

No. | Type of Triggers Threshold

1. | Longitudinal Acceleration  § ax0-0,65gora O @, 5

Z1Dingus, T. A. et al.: The 166ar naturalistic driving study (2006), pp. 3333.
232Hankey, J. M. et al.: Description of the SHRP 2 Naturalistic Database (2016).
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3. | Freeway acceleration 1 ax0-0,3g; only on freeway
4. | Lateral Acceleration f 0,759 Oay 0-0,75¢
5. | Swerve 17 pulf@®AT[A p uf® during a 2 s
interval
T vO 5 m/ s
6. | Yaw rate 971 IOATTA  pIQduring a 0.75 sn-
terval
T vO13.4m/s
7. | Advanced Safet$ystems 1 Monitoring activationof systems such as ABS
airbag, ESC and so on
8. | LongitudinalJerk T ®© Q
T vO 5 m/ s
9. | Steering Evasive Manel T ® "Qfor 0,8s
ver ]
T vO 5 m/ s

A3CritScamecor don@genmi moun

Ben

i moun developed heuristics to de

tleshol ds of yaw

233Benmimoun, M.: Automatisierte Klassifikation von Fahrsituationen (2015).a: p. 106; b: p. 108; c: p. 110
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Bl nformation on TCI comput

Bl Parameters for Optimi zati or

The following parameters were used during o
Parameter Value

Prediction horizon|2s

Step si ze 0.s2

Opt i miAzlagtoiroint h m i nt @roii ot

Core hours for dat|~1400

Lower TClI Li mit 10

B2l ni ti al Condi tions

The following initial conditions are used f

based on the current veltiedlee aspoed. sTha agpun

| oci thiaecsk,wasrod dri ving is excluded.

I n addition to the six trajectories descri

recorded are used as a seventh initial cond

Ful I medi | Fast Me d i

cel e| decel si on evas

ti on ton

®in @i n ®in ®Win ®Win ®in ®Win ®Win

-10 0 -5 0 0 -5 0 -2. 5

é é é é é é é é

-10 0 -5 0 0 -5 0 2.5
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CExtrapol ati on

ClEquati oBm8T f or

Wit h t heét¢ppraimbas ur ©mbat sexcee@gpathdrmebanl df t he

ceswsoevser the threshold i s given by:
. B°"® Beo (C.1)
EoEO

And the standar @i d/ewni dtyi: on

- -T €6t 0 (C2
-is then calcul ate@amodorpdoffedeovet hteeshbhdest
curve mppgtoxbenaa ely | inear wuntil the threshol d
Al | measurements over the selected threshol d
di stribution function. The foll owingslikeliho

(comp. 2s@c)2i @n 3

/b, h gl 1,C p P I 0 (C3

The 95% confidence intervals of the parmeter

ing formula wit ht htehseq OESr% di nd.igsrtivraid bnymt.fi osnect i on
6. 2: 3

/b,h Jb,h T D.;g (C4)

The Return Level Pl ot 1 engiwbeaeréytiméhei hipul owe
scribing the number of measurements between t
average distance between two event s, i f i ts
(401 n case -doaft atshee )hi ghD

0d "Qeo— Groeo P (C5)

C2Results of Data Evaluati on

The following table shows the results of the data evaluation of the fdghd3et. The dataset
is divided in 60 pa#, each containing about 2000 vehicles:
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dataset vehicle maximalTCl | timestamp vehicle type | Lane Change
number number ins 1= car
2= truck
2 136 21,23172 1880,16 1 1
2 720 12,38297 9900,44 1 1
3 733 12,75638 9757,8 1 1
3 753 17,07243 10012,2 1 1
3 792 11,51233 10531,28 1 1
4 196 22,65369 2596,84 1 1
4 692 10,73161 9317,36 1 1
4 905 12,94895 12158,24 1 1
5 103 16,03585 1251,72 1 1
5 159 11,95298 1990,48 1 1
5 578 12,75638 7667,16 1 1
6 676 13,48447 9080,44 1 1
6 1006 11,93716 13506,36 1 1
6 10% 14,87581 14692,36 1 1
7 473 17,76028 5793,92 1 1
8 330 19,34367 3931,32 1 1
8 1006 23,11586 12023,24 1 1
9 658 10,92191 8061,72 1 1
9 971 12,75638 11930,8 1 1
9 1015 12,75638 12467,96 1 1
9 1270 12,23689 15726,6 1 1
10 399 17,46344 4934,84 1 1
10 499 10,67332 6107,64 1 1
12 1230 10,37848 21767,08 1 0
12 1322 11,22741 23611,6 1 1
13 1609 28,12887 22995,52 1 1
13 2843 16,51785 40572,76 1 1
16 76 38,0071 1047,48 1 1
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dataset vehicle maximalTCl | timestamp vehicle type | Lane Change
number number ins 1= car
2= truck
16 153 12,75638 2152,08 1 1
16 630 21,98829 8574,2 1 0
16 643 11,12615 876384 1 1
21 115 15,30434 1510,08 1 1
21 124 12,23689 1622,88 1 1
21 947 12,75638 12449,08 1 1
23 433 14,16216 5947.6 1 1
23 1142 11,528 16323 2 1
25 1034 11,12615 29653,28 1 1
26 729 12,23689 20238,76 1 1
26 1856 10,10442 47610,68 1 1
26 2288 16,5185 55873,6 1 1
26 2454 12,23689 59029,12 1 1
29 1576 10,21353 21955 1 1
30 2240 14,78655 32070,12 1 1
31 756 12,75855 10712,64 1 0
32 296 14,87133 4000,72 1 1
32 474 12,30916 6589,64 1 1
32 615 21,23172 8504 1 1
32 1267 12,75638 17723,84 1 1
32 1383 27,47434 19345,24 1 1
33 357 11,97358 5144,76 1 1
33 1583 19,34367 22790 1 1
34 417 17,81569 5810,16 1 0
36 349 11,12615 5001,68 1 0
36 417 19,14605 6047,04 1 1
36 891 25 12872,76 1 1
36 1680 14,62602 24477,84 2 1
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dataset vehicle maximalTCl | timestamp vehicle type | Lane Change
number number ins 1= car
2= truck
36 2158 16,41325 31466,24 1 1
36 2252 12,75638 32956,2 2 1
36 2320 11,39644 34066,16 2 1
36 2389 12,75638 35275,48 2 1
36 2396 10,37848 35389,32 2 0
36 2531 10,94038 38026,48 1 0
37 104 37,65021 1298,72 1 1
39 1247 10,07419 16552,8 1 1
39 1254 12,332 16651,52 1 1
40 12 10,37848 60,12 1 1
40 687 11,48243 9117,2 1 1
40 1257 19,34367 16793,88 1 1
40 1369 15,60414 18288,44 1 1
40 1598 12,65908 21230,24 1 1
41 852 19,51229 11151,16 1 1
42 769 34,16339 10542,28 1 1
42 2012 13,37678 27203,6 1 1
42 2253 18,19022 30542,28 1 1
43 230 25,96531 2983,84 1 1
43 791 22,05526 10283,24 1 1
43 1321 10,60041 17575,68 1 1
43 2244 10,11919 29979,72 1 1
44 1078 14,09509 14245 1 1
44 2283 14,11744 30524,52 1 1
46 343 17,98727 7386,28 1 1
47 2238 13,394 31331,8 1 1
48 79 17,30619 909,8 1 1
51 219 14,37232 2830,32 1 1
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dataset vehicle maximalTCl | timestamp vehicle type | Lane Change
number number ins 1= car
2= truck
51 666 17,85901 8920,6 1 1
51 968 15,11027 13015,24 1 1
51 1587 12,75638 21391,56 1 1
51 1703 12,72911 22972,08 1 1
51 2131 19,18285 28852,52 1 1
51 2260 21,17992 30576,16 1 1
54 87 34,64602 1056,96 1 1
54 449 12,7%38 5912,88 2 1
54 585 19,94063 7874,44 2 1
55 919 14,52679 12348,08 1 1
55 1388 16,50904 18803,76 1 1
55 1643 14,65173 22226,6 1 1
56 33 15,49139 286,56 1 1
56 107 11,15946 1307,48 1 1
56 1471 23,39749 20012,72 1 1
57 835 11,48243 11165,12 1 1
59 247 17,72402 3100,28 1 1
59 309 11,09642 3935,52 1 1
60 178 28,85808 2291,96 1 1
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