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Deutsche Zusammenfassung

Wie jede Technologie, die vom Forschungsgegenstand zum Massenprodukt weiteren
wickelt wird, birgt auch automatisiertes Fahren verschiedenste Wt Nachteile.
Besonders die Bge der Sicherheit (Safety) der unterschiedlichen Stakeholder in der
Gesellschafft ist zu beantworten. Obwohl aktuell eine Vielzahl von Forschern tnd En
wicklern an der Thematik des automatisierten Fahrens arbeiten, fehlt dennochein Ko
zept zur Bewertungler Sicherheit des offentlichen Stral3enverkehrs mit automatisiert
fahrenden Fahrzeugen.

Diese Arbeit schlagt ein solches Konzept zur Bewertung der Sicherheit vor. Das Ko
zept nimmt eine makroskopische Perspektive fur die Sicherheitsbewertung ein, indem
die Sicherheit des automatisierten Fahrens durch eine gefahrene Distanz und dabei
aufgetretene Ereignisse (z.B. Unfalle) beschrieben wird. Dabei wird angenommen, dass
die Verteilung der Ereignisse einer Wahrscheinlichkeitsverteilung fur seltene diskrete
Ereignisse folgt (Poissoierteilung). Der statistische Sicherheitsnachweis kann fur
aktuell bekannte Us€ases des automatisierten Fahrens nicht wirtschaftlich erbracht
werden. Besser zu sein als der heutige StralBenverkehr entspricht einer Sicherheitsanfo
derung, die mit dem heutigen Stand der Technik nicht bewiesen werden kam. Alle
dings ist auch nicht nachzuweisen, dass der heutige Stralenverkehr an Sichetheit einb
Ben wirde, wenn das automatisierte Fahrzeug sich ahnlich sicher wie Fahranfanger
verhalten wide.

Da beides nicht nachgewiesen werden kann, ist die Sicherheitsanforderung u verfe
nern. Aus einer werden damit zwei Anforderungen: 1. Der Nutzer des automatisierten
Fahrens fordert eine objektive Abschatzung der geringsten Sicherheit, der ert-bei Nu
zurg ausgesetzt wird. 2. Die Gesellschaft fordert, dass maximal eine zuvor definierte
akzeptable Anzahl an Ereignissen in Verbindung mit automatisiertem Fahren entsteht.

Das formalisierte, simulierte und ausgewertete Konzept nutzt Daten des heutagen Str
Benvekehrs, sowie fiktive Testdaten um die Erfullung beider Anforderungen sicherz
stellen. Eine konkrete Einflihrungsstrategie ist das Ergebnis, die gezielt die Nutzung des
automatisierten Fahrens limitiert und neu anfallende Informationen aus der Nutzung fur
eine iterative Anpassung deimitierung einsetzt. Ein bestarkender Lernzyklus entsteht.

Herausforderungen fur die Anwendung und Weiterentwicklung des Konzepts werden
diskutiert. Damit das beschriebene Konzept die Einfihrung automatisierten Fahrens
unterstiizt, sind vor allem zwei Themen in Zukunft zu bearbeiten: 1. Die Sammlung
von detaillierten Daten fiur die Anwendung des Konzepts auf konkreteChkses.
2.Die Beantwortung einer unausweichlichen Frage: Wie viel Schaden, hervorgerufen
durch automatisierteSahren, ist akzeptabel fir Menschen, die der Technologieeausg
setzt sind?
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Summary

Status Quo: Automated systemwill replace the human operator at different tasks
everydayife. Fr om t od a,yhésenewtechnslqpiesaffer predetedout also
unknown benefits. However, as every other new techngladgo automated systems
will have drawbacks for some stakeholders in our society. As longwasechnologies

are withinreadinessevels of researchtheir impact is mostly negligibl&he technolgy
readiness level of automated driving in road traffic is pushed forward strongly by many
researchers and developers all over the world. Consequtrglydemand for safety
assurance getsrgent Fromt o d gsrapectivea conceptthat evaluates the s#eof
automated driving in an affordabéend meaningfulway is missing However this con-

ceptis necessary tenabletheintroductionof automated drivingo public road traffic.

Objectives The objective of this thesis is to improtree understandingf the challenge
for safety assuranaen automated vehicleS.hereforea conceptis aimedfor, that est
mates the safety impadbr the stakeholdersf automated drivingEstimatiors are
alwaysbase on assumptionand suffer from uncertaintyror that reasothe concept
needs to consider and expréssunderlyingassumptionand uncertainties.

Methodology The methodology for reaching the objectives is formed ardb@dore
assumption of theoncept The safety of an Objecinder Test QuT) can be described
by the parameter of a probability distributiofhis parameteconnects the number of
_that result from driving a distan& with the safetyperformance of th©uT

Based on this core assumption a maddelsafety evaluations devel@ed iteratively
(seeFigurel). First of all the relevant stakeholders that are influenced by the teehnol
gy areidentified andanalyzed The second steplentifies measurable requiremerftsr

the safety of autometl vehiclesfrom thes t a k e h peispkdivesBssed on this
preliminarywork on the one handusage sategy is defined thatontrolsthe introdw-

tion of automated vehicle®©n the other handn examinationstrategyis developedo
evaluate whether thistrategy enables the automation to meet the requirenestep

four the usage strategy is examined tbe Autobahnautomationbeingone represeat

tive use caseThe results meaning testing effort and introduction possibilitiese
compared and disssedA refinement of stakeholders as well as requirementsris pe
formed.Such a refinemens necessary as only a more precise and subtle analysis will
lead to a share between efforts and benefits of the introduction of automated vehicles
that forms a bas for the discussion on the safety assurance challenge.
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Stakeholder Definition

!

Requirements Definition |<————

!

Definition of
Strategy Examination Usage Strategy Definition | <]
Method

Refinement

v

Usage Strategy Examination

Comparison of Testing Efforts
vs. Introduction Benefits

Safety Assurance Advices

Figurel Modeling methodology
ResultsThe results of the thesis can be grouped fioio mayor insights.

Firstly, the rumber of rare evenigke accdents can be handled dseinga product of a
random experimerthatdepends on a safety performance of a traffic participant and the
number of driven kilometers. From o d gerspectivea falsification of this approach
wasnot foundandthus builds a simplérst approachSecondly, the statistical proof of
safetybased a realworld driving isnot economicallyfeasible before mass application
of the automated vehiclé hirdly, refinementof the requirement$s necessary and
justifiable to reducethe safety requirementSplitting up the requirements afociety
and vehicleusers leads to reducsebkting efforts and an uncertairtgsedusagestrae-
gy. This uncertaintynost likely will reduce during usagthus alsaenablinga statistical
statementon safety at one point in futurd.astly, a method consisting of evaluation
criteria as well as an introduction simulationdisvelopedto examine proposed usage
strategies. Thereby the possibldety impact®f the usagarestudied.

Conclusion As the safety of automated driving cannot be prosetistically before
introduction theintroductionneeds to be performatespiteand under consideration of
an estimatedincertainty.This does not mean that the introduced vehiakedess safe
compared taheir benchmarkhoweverduringintroduction itwill be uncertain.

As long ashie unceminty stays above a thresholdisagestrategy that isncludedinto
the safety assurance concephecessary. Suchusagestrategywould be cautiousnd
based on regulabservatiorof the events encountered by introduced vehicles

Several cha#énges have been identifiéor the developedntroductionconceptof aub-
mated vehiclesBased onthese challenges further work should mainly address two
topics: 1. Theidentificationand collectiorof datathatis necessarfor conceptapplia-

tion. 2. The answer of annavoidablequestion How much harmcausedoy a human
built machineg(AD3+), is acceptable for the expodaaman®
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1 Introduction: The Assessment of Auto-
mated Systems

Q1 Should automated driving be used on publieets?

In 1886t he fir st mot or v evoitcolrewacgaelnl eNdu ‘iR er n z1 fiP
public streets. Aontroversialdiscussion wasdid whether this new technology should

be introduced or nofhe supporters of the technologgforced the benefitsf aisage.
Thereuponthe automobile was introduced ascemmercial(mas$) product andgot

available for many peopl@&oday he automobile affects peoploridwide and changed

the individual mobility persistentlyln the 2% century many new technolgies are

reachinga technologyreadinesdevel® that againrequiresthe discussion whethethese
technologieshould be introduced @mmerciaimass produstor not.

Automated driving(find the definition in section1.1) is one of hese technologies.
Approximately80 years went by from the first concrete itlea selfdriving carsuntil

experts predictthe technology reaching a technology readiness IEMRL) beyond

research (TRL 4)interviews withrepresentativesf vehicle manudcturergpresentheir
confidence hat fAwe will have compl et esd’daddyon o my
the stakeholderghat will then be affected by automated driving cowtll discuss

whether they want this effect or not. Actually they shadiktiss that becauseaun-

mated driving like most other technologi&swill not as a matter of course come only

with benefits Gasser et &lgraphically explairthis uncertainoutcome of a new tée

nologyfor theexample of safety.

! Fersen, O. v.: Ein Jahrhundert Automobiltechnik (1986), p.Htéfs://www.2025ad.com/mission/
welcometo-2025ad/missiostatementaccessed 24.09.2016

2Volti, R.: Cars and culture: The life story of a technology (2006), p. 23.
% European Commission: Technology readiness levels (2014).

“Kréger, F.: AD im gesellschaftsgeschichtlichen Kontext (2015), p. 64.
® ERTRAC: Automated DrivinqRoadmap (2015), p. 837.

® Kirsten Korosec: Interview Elon Musk (20150t her vehi cl e manufacturers or
optimistic.But from the stand point of fety assessment this is taken as the worst because nearest in
future case.

" Grunwald, A.: Technikfolgenabschatzungine Einfilhrung (2010), p. 23.

8 Gasser, T. M. et al.: Rechtsfolgen zunehmender Fahrzeugautomatisierung (2012), p. 11.
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1 Introduction: The Assessment of Automated Systems

Total number of accidents in
conventional driving

Accidents prevented by vehicle
automation

\ Accidents due to the risk of
automation

Figure2: Theoretical potential for avoiding accidents witticle automatich

Figure2 illustratesthat an the onehandaccidentswill be prevented by the introduction
of automateddriving. On the othethand other probably differenaccidentswill be
produced bythe risk of automationConsequentlythere mightbe benefits but also
drawbacksfollowing the introduction of automated vehiclédow does the ratio d3
tween benefits and drawbacks look like?

The goal of this thesis is to suppdhe discussion on the introduction bfgheraub-
mated vehicledy delivering oncrete inputs for the weighg process oomeof the
most importanpros and consThe train of thoughts that is described in the following
thesis explains basic principles to deliver these concrete inputs.

Train of Thoughts - Structure of this Thesis

In six chapters the challenge of weighting pros and cons of automated driving will be
narrowed down to safetyhis safety challenge will beescribed btatistical conside
ations Its results are going to be interpretediaiscussed critically.

The curentc h a p tnegoductioriThe Assessment ciutomatedSystem® )starts to
define automated driving and therelsgparate it from levels of automation that are
already in use. Additionallyhe chapteclarifies which part of the assessment of aut
mated vehicless in focusand which perspectives ateereforeconsidered

Chapter2 fiState of the ArtChal | enges of Todaitanategdp pr oac h
Drivingd $Safety explainswhy automated driving challengéso d aagpéoachedso

assess safety. This chapteks for new methods and tools for safety assessment of
automated driving.

Chapter3 oTheory StochasticModel for Safety Assessmerit describes thenain new
contributionto research. A newoncepffor the safety assessment of automated vehicles
despite given uncertainties explained and discussed in det&@bnclusiondor differ-
entconcepiparametecombinationsare drawn from the simulatiasf introduction

Chapter4 fApplication: Data to Apply the Usage Stratég@nalys the suitability of
existing database®if the application of the model. Raeirements are defined on data
that is supposed to be used for application of the usage strategy.

2



1.1 Automated Systems

Chapter5 fiConsequencedhe Safety Lifecycle oAD3+0 r e folw ¢he presented
stochastic conceptfor safety assessmeraffects the safety lifecycleof automated vah
cles. Not only the phase before the start of production but alsottier phase during
usagearediscussed

Chapter6 fConclusion:Critical Concept Reflectiord d i s theuistredeitionchd-
lengesbased orthe presentedonceptWhat needs to be done to apply tumceptand
what might be theesult?An outlook will thenconcludethis thesis.

To simplify the understandg andhighlight the necessity ofaeh sectiona question
driven approach is used. Eachapter and firstevel sectionanswes one queson that
is of relevancdor the train of thoughtsThis question i®xplicitly stated at the bemi

ning of each chapteAt the end of chapte® a conclusions drawnon the meaning of
this thesis t@nswer AQ 1 Should automated driving be used on publieets®

1.1 Automated Systems

Q2 What echnology is the topic of discusstwhat is automated driving?

In principleanyfield of safetyrelatedautomaton could be addressed. Wheneaab-
mation replacethe human as machine operatathe questions discussed in this thesis
get relevant. Theuwgstions discussed in this thesis arspecialinterest when théask

is safety critical and an unsupervised/samrectable automatidis installed Nevertte-
less due to the motivation given above and the personal intdrissivork focuse®n
on-roadmotor vehicles and the automationtleéir driving task.

Automated vehicles, automated driving, driverless driving, automated driving tasks are
mainly not defined propéy. Whenever these words are ugethis thesisthey are used

in place for the autoated driving systems defined Hye Society of Automotive Eng
neers(SAE). By definition' several leved of driving automationexist. These levst*

are disinguished as depicted Figure3. At level zero the humadriver executestee-

ing and acceleration of the vehiclapnitorsthe environment and is the fallback isol

tion for all driving modesBy further increasingthe level of automationthe system
performsmoretasksof the humanTh e  w systeho déscribesan entity ofmechaimn

® Wachenfeld, W.; Winner, H.: Do Autonomous Vehicles Learn? (2016), [ 4887 cf. Nusser, S.:
Diss., (2009), p. 2122.

Y SAE: International Standard J3016 (201@asser, T. M. et al.: Rechtsfolgen zunehmender Fagprzeu
automatisierung (2012)NTHSA: Preliminary Statement of Policy Conciergy Automated Vehicles
(2013); VDA: Automatisierung (2015).

1 The SAE: International Standard J3016 (201dyel are used as the reference.
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cal, electrical an@lectronichard and software elemegtwhich senses, thinks and acts
like an artificial driver.

Executlon of Fallback System
Monitoring
SAE Steering and Performance | Capabllity
level Name Narrative Definition Acceleratlon/ E::I?o":;negnt of Dynamic (Driving
Deceleration Driving Task Modes)
Human driver monitors the driving environment

the full-time performance by the human driver of all
aspects of the dynamic driving task, even when enhanced Human driver Human driver = Human driver
by warning or intervention systems

No
Automation

the driving mode-specific execution by a driver assistance
system of either steering or acceleration/deceleration using . -
. - o " . Human driver - . Some driving
information about the driving environment and with the Human driver = Human driver

q : e and system modes
expectation that the human driver perform all remaining
aspects of the dynamic driving task

1 Driver
Asslstance

the driving mode-specific execution by one or more driver
assistance systems of both steering and acceleration/
Partlal deceleration using information about the driving Human driver | Human driver Some driving
Automatlon environment and with the expectation that the human modes
driver perform all remaining aspects of the dynamic driving
task

Automated driving system (“system™) monltors the driving environment — _

the driving mode-specific performance by an automated
Conditlonal driving system of all aspects of the dynamic driving task
Automatlon with the expectation that the human driver will respond
appropriately to a request to intervene

Some driving

System Human driver modes

the driving mode-specific performance by an automated
High driving system of all aspects of the dynamic driving task,
Automatlon even if a human driver does not respond appropriately to a
request fo intervene

Some driving

System System System modes

the full-time performance by an automated driving system
Full of all aspects of the dynamic driving task under all roadway
Automatlon and environmental conditions that can be managed by a
human driver

All driving
modes

System System System

Figure3: SAE-level forOn-Road Motor Vehicle Automated Driving Systerhs

Systems up to level 2 are already in traffidhe definitiort* requiresthat hese systems

are supervised by the human driver. The human has to monitor the driving environment
and he also is obligkto intervendf necessaryAt least until todaythesesystemsthat

are made to support and dot replace the drivewere successfully tested and sold to
customers.

Vehicle systens thatmonitor the driving environmeritself, without the human as a
supervisordo notexist on public street®day Exactly these systembeginning from
level 3:Conditional Automationare infocus ofthe theorythat is explained in the next
chapters For this thesighe relevant level of automated drivinggsystemsare called
AD3+.

These leved of automation describenly somecharacteristicof the new technology.
But for discussing whethemaintroduction should bereventedor aimed for the de-
tailed application of technology is relevant. Teecalleduse casés of the technology

2Bernhart, W. et al.: Index "Automatisierte Fahrzeuge" (2016); §. inner, H. et al.: Handbook of
Driver Assistance Systems (2016), p. 911896 of part VIIHX.

3 Wachenfeld, W. et al.: Use Cases for Autonomous Driving (2016).
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can vary inawide range and so can the benefits and drawbacks of the techritlégy.
example automated dviing is applied to alowly driving vehicle that serves as ata
pus shuttlebenefits anddrawbacks are different ones théhoseof a privately owned
car equipped with automated highway driving.

Literature describes many different use cases that coottes or later become reality.

Winner** structures the different use cases along three donimanductionpaths One

path starts at simple scenari os aAub-reach
bahn Pilod . The second pat hddetelapstd the fivgi usehcase o w s |
beingt he Aaut opreart kidn gvéa.l et h e t dddressbsritecal sittho g o n a |
tions and will comed the first automated system theso-calledi e mer genaay aut
t i oTo ochallenge the theoreveloped duringhe following chaptersone represeat

tive use case along each of theeepathswill be discussed anthereforebe introduced

in the following.

The Evolution Triangle

ACC: Adaptive Cruise Control
LKS: Lane Keeping Support
towards Autonomous LA Longitudinal & Lateral Assist
as FSR-ACC: Full-Speed-Range-ACC
Driving

Em-A.  Emergency Assist f

CA-E:  Collision Avoidance by Evading g

CA-B:  Collision Avoidance by Braking

CM-B: Collision Mitigation by Braking 4 AVP:  Autonomous Valet-Parking
. AP:  Automated Parking

PSA:  Park Steering Assist

Figure4: Evolution to automated driving, beginning with three starting points indheers of
the figuré*

Besides the evolutionary approach following the triantjere exisadditionalpossibi-
ities to increase the availability of automated driving successiwalyin each path
Representativgrojectswhich follow this approachcan be found aGoogle Inc* or
\olvo Car Corporatiotf. The availability of automated driving will firstly be limited to

“Winner, H.: ADAS, Quo Vadis? (2016), p. 1577ff.
15 https://www.google.com/selfdrivingcas¢cessed 289.2016

16 http://www.volvocars.com/intl/about/otinnovationbrands/intellisafe/intellisafautopilot/driveme
accessed 24.09.2016
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a narrow area or circumstances. This could be a certain section of highways-or infr

structure in generalike the roads from San Francisco to Palo Alto in sunny California

or around the inner city of Gothenbu#/y fourth use caseghefi Seed Autiosmati ono
introduced o study the applicability ahe developetheoryfor this kind of use casess

well (see setion 1.1.4).

1.1.1 Use Case - Autobahn Pilot*’

The driving robot takes over the driving tasktleé driver exclusively on intstates or
interstatelike expresswaygAutobahn) The driveris just a passenger during theb-
matedjourmney, can take his/her hands off of the steering wifieei df the pedals, and
can pursue other activities.

As soon as the driver has entered fh#obahn he/she can, if desired, activate the
driving robot. This takes place most logically in conjunctiath indicating the desired
destination. The driving robot takes over navigation, guidance, and ¢8nm¢il the

exit from or end of théutobahnis reached. The driving robot safely coordinates the
handover to the driver. If the driver does not meetrégeiirements for safe handover,
e.g. because he/sliell asleep or appears to have no situation awareness, the driving
robot transfers the vehicle to the Asknimal state on the emergency lane or shortly
after exiting theAutobahn During the automategburney, no situation awareness is
required from the occupant; the definition foigh automationaccording toSAE™
applies. Because of simple scenery and limited dynamic objects, this use casealis consi
ered as an introductory scenario, even if the conipaha high vehicle velocity exa
erbates accomplishing the rigkinimal state considerably.

1.1.2 Use Case - Automated Valet-Parking®’

The driving robot parks the vehicle at a remote location after the passengers have exited
and cargo has been unloaded. The driving robot drives the vehicle from the parking
location to a desired destination. The driving robepaeks the vehicle.

The driver saves the time of finding a parking spot as well as of walking to/from a
remote parking spgoln addition, access to the vehicle is eased (spatially and tempora
ly). Additional parking space and search for parking is arranged more efficiently.

If a driver has reached his/her destination (for example place of work, gym, or home),
he/she stops theehicle, exits, and orders the driving robot to park the vehicle. The

" Wwachenfeld, W. et al.: Use Cases for Autonomousibyi (2016).
18 Cf. Donges, E.: Harerverhaltensmodelle (2011).
19 SAE: International Standard J3016 (2014).
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vehicle can be privately owned, but might also be owned by-sheaing provider om
general possession might change due to dibemess modsl Therefore, the driving
robot may nw drive the vehicle to a private, public, or servpreviderowned parking

lot. It is important to assign a parking lot to the driving robot. The search for the+espe
tive parking lot by the driving robot is not taken into consideration for this use case.
Therefore a defined destination for the driving robot is always given. Because of the
low velocity and the light traffic situation, the deployment of automated-Yagking is
limited to the immediate vicinity of the location where the driver left tHaclke. This
limitation reduces the requirements regarding the (driyingpabilities of the driving
robot significantly, because lower kinetic energy as well as shorter stopping distances
result from lower velocity.

An authorized user in the vicinity dlfie vehicle can indicate a pich location to the
driving robot. The driving robot drives the vehicle to the target destination and stops, so
that the driver can enter and take over the driving task. If desired by the parking lot
administration, the drivig robot can rgark the vehicle.

1.1.3 Use Case - Emergency Automation

A human is driving the vehiclan regular situationsThe emergencgutomationonly
intervens in that momeniwhen 9X% of human drives would get into an emergency
situation.Steering,braking and accelerating the vehiche the intervention options of
the driving robot The emergencyautomationis not limited to any area of application
but to situations of high risk. Although the driving robot can handle situations of high
risk, it isnot made tarive the vehicle from A to B.

A - - Emergency Automation

100 % — Emergency Assist
0 pe———

P(True-positiv)

L
v

0 % P(False-positiv)

Figure5: A best guesof an ROC forEmergency Assist vs. Emergency Automat

The difference between existirgmergencyassistantsand the described emergency
automation is the share @lue-positive actions in respect to all actions.o d asysé s
tems, as they assist humans, can hal@vanumber oftrue-positive actions.Figure 5
explainsthis by depicting aharacteristiaeceiveroperatingcharacteristiqROC). The
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human compensat es asmuch aspdssibfioondhe asdistantyse n e f i
tem. The emergency automation however aims to redchegositive level that can
compete withthe upperpercentileof human drives without excessivelyshowingfalse
positivereactions.

This automation aims to be active in every scenario and aregularéraffic.

1.1.4 Use Case - Seed Automation

Thew o r $eedAutomatior is defined for the first timén this thesisThe automation
is applied like a sedd first startingpoint, which needs to grovalong different dime-
sionsto reach the full benefits of ¢hdescribed use cas@he dimension might be the
area of application, the tolerated weather conditions for applicatiton

For example,hiie seed automation desthe vehicle in a narrow operation area of one of
the above defined use cases. For exartieDrive Me Projeéf aimsto applyanAu-
tobahn Pilotto a predefinedroad segment(approx.y 1€ [) that limits speedaverage
speeds of 7&m/h) and other dynamic objects (no pedestrians). Addition#dly the
beginning the functions will be limited to ctin, eventually good, weather cotiolins.
The selected roaskgments a closed loop from Hisingen, Frélunda to Mdlndal.

The Drive Me Project has not reported whether the segfoerdpplication will be

enlarged. However, the Seed Automatise case assies thisThe spéal evolution of

the Autobahn Pilot is simplifiednd depicted inFigure 6. The use casstarts between
two Autobahn junctiong=rom time step to timstep this area is extended.

M " -
" Y
A Y
|
'.

a) Time Step 1 b) Time Step 2

20 hitp://www.volvocars.com/intl/about/oinnovationbrands/intellisafe/intellisafautopilot/dive-me
accessed 24.09.2016
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Figure6 Evolutionary growth ofhie seed automation at a remet of highwayst four time
stepsa) to d). Green areas ampen for automatedriving, yellow areas are under examinatio
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1.2 Benefits & Drawbacks of AD3+

Q3 Whatbenefits and drawbackesultand thus support or prevetite introduction
of AD3+?

The manifold the use cases of automated drigiggthe manifoldarether benefits and
drawbacks.This sectionwill not list benefits and drawle&s for automated driving.
There exist many publicatioffsand public discussioffsthat to greater or lesser extent
systematically derive possible pros and c@fsimportance is the fact that mabgre-
fits and drawbacksould resultfrom the introductiorend these knefits and drawbacks
are stronglyinterconnectedThus simply deriving requirements from omygpe ofdraw-
back without checkingnd evaluatingthertypes ofbenefits isnot valid. The decision
on introduction can thus not be mabased onone specific benefit. Examples for
weightingdifferent benefits and drawbackgist in the mobility sectaoft o d @ublEs
traffic. To go from one place to another differaiternativesare accessiblavalk, ride a
bike or amotorbike,drive a car or truckuse an atobus,and goby train, boator plane.
Each modality has its own pros and consgl aonsequently is accepted for mobility
demandsilf just one criterion would be used for decision some forms of mobility would
justnot exist. The balance of differecriteria leads to the decision of introduction.

The critical point of making a decision about the introduction isléarly identifythe
benefits and drawback8enefits and drawbacks can easily be speculated about. But
most of themare notas easy tonedict as it is often done. Especially when a technology
or product does not exist, tlegact definition of what will happeafterthe introduction

is just not possible. The goal of this thesis is to participate on the resgaesktion on

how to predictone of thecrucial effects of automated drivingd new appoach for
predicting thesafety impact resulting from the introduction and use of automated dri
ing is the core of this thesis.

L Fraedrich, E. et al.: Transition pathways to falytomated driving (2015)Thomopoulos, N.; Givoni,
M.: The autonomous cara blessing or a curse (2018pumey, J. K.: Sue my car not me (2013).
Beiker, S. A.: Legal Aspects of Autonomous Driving (201Rxman, T.: Autonomous Vehiclen-
plementation Predictions (2014).; EU Transport Ministers: Declaration of Amsterdam (2016).

22 hitp://www.statetechmagazine.com/article/2014/09/@od consdriverlesscarsinfographic
http://www.autoinsurancecenter.com/AB@-prosandconsassocitedwith-self-driving-cars.htm
https://sites.google.com/site/unibathautonomouscars/ser\vites//www.gizmag.com/preandcons
driverlesscarstraffic-future/35841; http://www.itsinternational.com/cateqgories/locatioased
systems/features/autonomexshiclesthe-prosand-cons/https://www.washingtonpost.com/newsAhe
switch/wp/2016/@/05/whyyou-shouldconsidergettinga-driverlesscarin-1-chart/ Hearing focus of
SF 2569 Autonomous vehicles task force establishment and demonstration project for peopte with di
abilities http://mnsenate.granicus.com/MediaPlayer.php?view id=1&clip idall3&staccessed
22.09.2016
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1.2 Benefits & Drawbacks of AD3+

As safetyin its general meaninig still atopic with many facefs:

Safety is the state of being "safe" (from French sauf), the condition of beingtprotec
ed against physical, social, spiritual, financial, political, emotional, occupational,
psychological, educational, or other types or consequences of failure, damage, error
accidents, harm, or any other event that could be consideredesirable.

In the technical domaiof road trafficit is already narrowed down%b

absence of unreasonable risk
with risk beeing’ the

combination of the mbability of occurrence of harm and the severity of that harm
and harm is explained s

physical injury or damage to the health of people

This thesisexplicitly concentrates on the safdtyat is described by the numberda
severity of road accidents where the word road accident describes the physical energy
exchange of one vehicle with another vehicle, pedestrian, animal, road debais, infr
structure or nature in generaBuch anaccident results property damagejuries or
fatalities This chosen focugxcludes securiy from the discussion, although security
issues can also result in safety issues.

Nearly everymotivaion for automated driving argues that the human being is the cause
for90% of t od a yansroad teaffid. W is nonctuded when we remove this
human driver we will reduce the number of accidents. Of course it is true thatnthe nu
bers caused by human erravdl vanish. But there is missing omaajor step in the
logic to compare the numbers. Somear rathersomethinghas to conduct the vehicle
thus takeover this challenging job. #\Figure 2 motivates, this can result in new and
other cases of accidents. Consequeiitlgne will use safety as an argunidar intro-
duction pros but also cons have to be identified, estimated and baleafdlly?’.

Figure7 illustratesthe theoretical risk avoidance potentiala qualitative waydeperl-
ing on the severity of thaccident.Figure 7 adheres to the findings of Heinrf€mand

# Wikipedia: Safety (2015).
241S0: DIS 26262Road vehicles Functional safety (2008), p. 1ff in part 1.

% http://www.oxforddictionaries.condefines 8 ¢ u r Tihe sgfetyof a state or organization against
criminal activity such as terrorism, thefi, espionage w h ea feedfhg cardition of being jor
tected from or unlikely to cause danger, risk, orifjuryaccessed 24.09. 2016

%U.S. DOT: Federal Automated Vehicles Policy (2016), pSkgh, S.: Critical Reasons for Crashes
(2015), p. 1.

" Grunwall, A.: Societal Risk Constellations for Autonomous Driving. (2016).
#\Ward, R. B.: Revisiting Heinrich's law (2012).
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Hydérf® that accidents of decreasing severity occur in larger numbers. The scale of the
related severity of the accident is ordinal, meaning that thefeady an order between

the different degrees of severity: For example, a fatality is weighted as graver than a
serious injury. However, academics are divilezh theway how to derive and apply

the relative weighting of these different degrees. Whilerdeg of severity are oo

pared in terms of costthis scale gets continuous.

Severity
atali™y * Total number of
! conventional dr
us ‘\n.\\'\(\‘ !
‘0 :
sevt | Accidents prevented by vehicle
gt ey : automation
|
e 10 I Accidents due to the risk of
Damaeg"‘w | .
prop | automation

Number of accidents
for a given time

Figure 7 Theoretical potential for avoiding accidents with vehicle automation with coasi

tion of severity of accident (similar to Gasser esakFigure?2)

Considering the severity and the number of accidénshows that whileccidents are
removed Figure7 green area), there are remainorges(Figure7 blue area) which are

not addressed by vehicle automation. In addition, aesidentsare created by the
substitution of humans and the automated execution of the driving. The human is no
longer available as a backup in the case of a faitura defect. The yellow area in
Figure 7 illustratestheseadditional numbers It is uncertain whether the removal of
accidentsand the creation of additionahesareuniform across the degrees of severity.

It is possible that there is a greater reduction in serious accidents but an increase in less
serious accident&igure? illustrates this idea via the deformation of the assumeadt-tria

gle.

For the safety assessmentfulfy-automated driving, this means that not only a cedu
tion in the number of accidents must be proven, but rather an accepted ratoe-
tween avoidedisk’Y and additionally caused risk

” lY 1 l

v (1-1)

The value for thisccepted ratigs the result of a complex discussion among those who
would be affected bgutomatedliriving. This value varies depending on various factors
such as societal, political and econordifferences. A vivid example of this is the-a

#Hydén, C.: The development of a method for traffic safety evaluation (1987).
%9'Baum, H. et al.: BASt: Volkswirtschaftliche Kosten Herleitung (2011); 07
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ceptance of the use of nuclear eyeirg Germany, the USAor Japann the last years:

On the one hand, the accepted ratio varies considerably between the countries, and on
the other, this changes over tins®, that for example in Germany in 2012, a nuclear
phaseout was decided on. For that reason later in this documergassible approach

to derive a value for what could leeceptables derived However, this thesis is not

able to state the final valuBomethingaccepteds nothing that can be defined by some
stakeholders. A discussion on what it means when people accept a new technology can
be found in Fraedrich et & It is the discussion of something acceptable that is in
focus.

Risk as theoppositeof safety” contains three central semantic elements following
Grunwald™:

The moment of uncertainty, because the occurrence of possible damage is-not ce
tain; the moment of the undesired, because damage is never welcome; and the social
moment, because botipportunities and risks are always distributed and are always
opportunities and risks for particular individuals or groups.

Before it can be answered whtatantitativebenefits and drawbacksy means of safety
will result whenintroducing automatedriving, the taken perspectiseneed to baleni-
fied.

1.3 Societal Risk Constellation®?

Q4 Whosehealth or propertys affectedy the introduction of automated drivifig

Every human is affectédindividually by technology. To discuss the introduction of a
new technology certain groupings need to be identified that hold schiéaacteristics
There exist a certain social risk constellatiofor instancedifferent groupings like
decisionmakers, regulators, stakeholders, affected parties, advisors, politicians and
beneficiariesare affected and profit in a different wéypm automated driving. As
discussed aboyehis thesis will focus on the safety psct that is connected with the
occurrenceof accidentsThus a certainphysical proximityto a vehicleis necessary to

be affected of automated drivinghe ones that are in this proximity are called the

31 Fraedrich, E.; Lenz, B.: Societal and Individual Acceptance of Autonomous Driviig)2

%2 safety is defined by the absence of unreasonable H®s26262 But cfSmith, B. W.: Regulation and
the Risk of Inaction (2015p.595f

% To get a more detled discussion othis topic the chapter dBrunwald, A.: Societal Risk Constadl
tions for Autonomous Driving. (20163hould be read.

¥ Grunwald, A.: Societal Risk Constellations for Autonomous Driving. (20dis}usses different risks:
accident, transportation system, investmkaittor market , accessibility, privacy and dependency risk
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affected parties and are in focus of this discusstame vehicle driven in onstreet
doe s mlitettlyinfluence the safety of someobeingin the neighboringstreet This is
different for a technology like nuclear plants or the like. @ragor nuclearplant aca-

dentdoes affect everyone in its greater vicinity. Consequendysystemic rik results
from one vehicldeingdriven automated.

When introducing moréhanone vehicle this does not change. To be affected of the
technology one needs to be in the direct vicinity of a vehi®@et when connecting
vehicles via network (V2X) the potgal exists that cybercriminals could conquen-

trol of all connected vehicles.hErebythey couldcreatean effect similar to a systemic
risk by initiating a crash of all vehicles at oncdghis is in first place a securityissue,
which isexcludedfrom the discussion within this thesis. This exclusion is mabalyed
ontheassumptiorthat allsafetyrelatedfunctions are independent from communication
and are desigrd to be divers, thus not attackable at ono&dditionally, a controlled
shutdownof auomatedfunctiors is expecteth case any systemic risk gets obvious

Consequently the risk constellation in means of accidents is similar to the risk esnstell
tion of other modalities of individual mobilitypday In general there exisifterent risk
caegoriesand Grunwald definé

Risks that the individual can decide to take or, not

imposed risks that the individual can reasonably easily avoid
imposed risks that can only be avoided with considereitidet and
imposed risks that cannot be avoided

These different risk categorievide the affected partiegnto two different groupings.

On the onehandthere areactive users or passengers. They are individuals that can
decide whether or not to take thek thatarisesfrom automated driving vehicles. On
the otherhandthere are other traffic participants or bystanders that are imposed with
risks that they cannot avoidr could avoid only with significant limitatiof’s This
second group will be called thexposedsociety, as nearly everybody in developed
countries participates in traffi€or Germany 2013, the participation in traffis above

92 %.

During the introduction of a new technology these twaugs are also distinguishable
due to the risk level they are confronted witisk is definedf by the product of the
probability of the accidemccurringand the expected loss in case of the accidemt
theindividual of the group user and thedividual of the group society the factor piob
bility of occurrence differs significantifpuring the whole operating timée user is in

% Streit, T. et al.: Deutsches Mobilitatspanel Bericht 2013/2014 (2015), p. 33.
%1S0: DIS 26262: Road vehiclegunctional safety (2008).
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direct vicinity to the automategehicle(as long as it is not driving without a passenger)
thus the user has the highespesure. If something happens he is involved. On the
other side amndividual of the society is nearly never exposed to an automated vehicle
as long as their number is little. Even a person who is commuting between the same
buildings like a user of an autated vehicle will have little exposurePresupposed
both personslio notstrictly follow each other 1/100 of their commutésthis casean
exposure smaller than% of the average operating time of the automated vetgele
sults for the individual of theociety The activeuseris highly exposed and thedivid-

ual of thesocietyis little exposed to the technology of automated driving during the
first phase ointroduction hence the level of risk of both groups is significantly diffe

ent This will be formalized further in the next subsections.

It is assumed that thghare of benefg of automated driving idivided in a similar
manner as the risks. Thiser will bethe one that benefits md5from the functionality

of automated driving. Whereas thecety will probably gainnot as much as thmdi-

vidual from the technology applied to some vehicles during the ghiase ofntroduc-

tion. The formulation used here is vague as it is difficult to predict the reafibhére

comes with automated driving. Ae share that is described above is intentionally used as
a worstcasescenario. The benefits meet the group that can decide to take the risks
whereaghe group that isxposedo risks without thepossibilityto avoidthemis nearly
without benefits

The groups identified above could easily beldivided Users could for example be
regular drivers, excluded ones from individual mobility, like eldengbriatedor sick
people. The acceptance of each of these groups is of relevahey ghould use the
vehicle Though their acceptance dependsaihtheirbenefis and drawbacks as well as
on individual values of eacmdividual The individualacceptanceannotbe construe
ed externally However, for developers, decisiemakers and regulatorthe require-
ments on safety need to be deriiemm normatively expected acceptance i.e.dhe
ceptabilityof the risks. Thereforthesetwo groupsuses and societyare defined as the
equivalence groups for safatharacteristicend ardurtherdiscussed in the mécha-
ters

37\t is not a gven thingthatthe user is the one benefiting mdBhink about a automatedransportation
service that replaces regulaxis. If saved costs would not be passed on to geg,lhe or she might
not benefit at all compared to regular taxi usdde beneficiary would be the organization running
the service.
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1 Introduction: The Assessment of Automated Systems

1.4 Possible Safety Impact of AD3+

Q5 What safety impachay resulfromthe introduction of automated drivifig

There exists an interviewith Matt Schwallfrom 2016,speaking for Tesla Motors. He
says (translated inténglish:

We reached a pointyhere we can prove that autonomous vehicles are safer than
human®

How Schwall measures this safeiyn d wh a't he means bys fiautono
unclearln apublicationfrom 1998 Binfetkull et al3 define a guideline:

A vehicle, which is able to driweithout human intervention (autonomous) by use of
electronic equipment, shall not entail a hazard to human beings and/or property
which is greater than the hazard represented by the conventional (human) driver!

Furthermore, thaequirement is defined, théhe machine has to be 1@imes safer
than the human being.

Il n this paper it is not dpmneadtmey marlfteirdn esd oc
be reachedDoesp Tt safer mean 100 times less saR&schk& concludes from the
contextin Binfet-Kull et al. that the frequency of failures per hour of operatiomézant

To answer the safety question a comparable quantégisit be defined and derived for
the different levels of automation in road traffic

1.4.1 Quantities Representing Safety

Road Traffic Victims

Following for example Papadimitriou et“4).the safety outcome of a whole roadssy
tem is the number of fatalitieEhe source of risk in road traffic’fs

physical injury or damage to the health of people

38 http://www.golem.de/news/autonomfshrengoogleundtesladraengerauf-daslenkradloseauto
1601-118826.htmMatt Schwall from Tesla MotorsWir sind an einem Punkt angelangt, an dem e
wiesenistdass aut onome Aut os sAuthdref theArticek Friedhdlhe Grasisc hen si nd.
Accessed March 18th 2016

% Binfet-Kull, M. et al.: System safety for an autonomous vehicle (1998), p. 470.
“Rescla, A.: Diss., Fertigkeiterund Fahigkeitengraphen (2016), p. 82.

41 papadimitriou, E. et al.: Safety performance assessment in Europe (284r8ing onHauer, E.: On
exposure and accident rate (1995).

42|1S0: DIS 26262: Road vehiclesunctional safety (2008).
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1.4Possible Safety Impact of AD3+

This has already been cited for concretizing the drawbacks and benefits of AD3+. Thus
the pure number of personal injuri®@ N = at the timeo since the beginning of
countingd would be the simplest quantity for comparison. As these injuries h&ave di
ferent severities also statistics separate these numbers into different severitie$> Mostly
the number oflight injuries 'O severe injuriesO and fatalitiesO are distinguished.
Additionally, more detailed ordinal scales as thigbreviated Injury Scale (AlISYhe

Head InjuryCriterion (HIC) and others are ugédor in-depth studiesHowever the

pure numbe'00 countedfrom the firstoccurredinjury until a certain timein totalis
without meaning when comparing a new with an existing technology. Comgbgaa
observation interval needs to be defined.

Social Risk

Fritzsch&” defines the social riskor a defined population as the number of victims
counted during a certain time frara®. For example the number ofjuries “O during

oneyeaA o @ VA AU @ x ¢E@
OCw ©OCuwpZop Ow p2Zp 7o p8 (2-2)

In this equatioris thenumber of year§ &  A), following the Gregorian calendt
In the minuendwyp o pis the last day of yeasy whereas in the subtrahend
p Zp @o gds thelastdayof the preceding yeaw p .

The weakness of thgearly number ofvictims with different severities as an indicator

for safety gets obvious when comparing for example different countries. Austria counts
less fataliies "®; 1 L)Y in 2013 then Germany@ o o ¢*tvdoes. Does this
mean that being part of Austrian road traffic is more safe then being part of German
road traffic?Thus either this number needs to be compared always for the sama-popul
tion or he number ofvictims needs to be put inteelation to a value of exposure to
makethesenumbers comparable.

“3BMVI et al.: Verkehr in Zahlen 2015/16 (201&chnieder, E.; Schnieder, L.: Verkehrssicherheit
(2013), p. 124,150ff.

4 Schnieder, E.; Schniedd..: Verkehrssicherheit (2013), p. 152ff.
“ Fritzsche, A. F.: Wie sicher leben wif2986), p. 1920.

“61S0 8601: Representation of dates and times (2004).

" Destatis: VerkehrsunfalleZeitreihen 2014 (2015).
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1 Introduction: The Assessment of Automated Systems

Injury Rate

Exposure can be defined by a time. Thugjnting the number of victim®r the diffa-
ent severity levalper time3-0, new as well as old technologies get comparable as long
as their usage is the same. &ivthis assumptiontheinjury rate O'¥ a is calculated
on astatistic for one yead Aandthecorrespondingiumber of fatalitie§Q,

. G

(04 58 (1-3)
For the above derived numbers the fatality rate in Austria would b&A v® @
p T TE whereas in Germany the rate woulddoe dAo ofp dp 1 FE. For Germany
and Austria the usagguring he same time intervaliffers, thusit is not sufficient to
justreferto an observation time.rAexposure valuthat measures usagenecessary for
comparisorof new and old technologies that might be used to a different extent

Road Traffic Victims per Exposure Time - Exogenous Mortality

One possible exposure value is theosure time® instead of the general observation
time 3:0. The number of injurieperexposure timéOr Y& is defined by

O
Of Yo (1-4)

Krebs et af® explain and definéhe exogenous morigt 0 N s based on prior work
of Kuhlmann It is the number of fatalities compared to the average number of users
0  and the averagexposure timed of a userfor a specific unit of time (e.g. per
year)
A G G
L ¢ m — —8 -
"0 to o (1-5)

Krebs et af? also define that #h number of fatalitiedd, should be corrected by the
number of invalid (factor 0.1) and injured (faor 0.01). This weighting of different
levels of severity will be discussed later delneglectedor furthercalculationsof the
mortality.

As a referencevalue the Minimum Endogenous Mortality MEM) is defined by
Kuhlmand® as the natural death rate (mout deformity and immaturity) ¢t
p T YAfor a 515 year old German based on numbers from 1973 from the German

“8Krebs, H. et al.: MEM:ein universelles Sicherheitskriterium (2000), p.®@filmann, A.: Alptraum
Technik? (1977) Kuhimann, A.: Einfuhrung imlie Sicherheitswissenschaft Albert Kuhlmann (1981).
Schnieder, E.; Schnieder, L.: Verkehrssicherheit (2013), p. 177f.

49 Kuhlmann, A.: Alptraum Technik? (1977), p. 37&50f.
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1.4Possible Safety Impact of AD3+

statistical office Coincidentally thisis similar tothe nonnatural death rate for this year.

As Seegef indicates this second rathe nonnatural death ratés used for argumest

tion in EN 50128". Kuhlmannas well as th&N 50126suggest that the entire risk from

all technical systems must not exceed this value. The MEM approach assumes that
maximally 20 systems adimultaneouslyn the individualthus an indszidual risk limit

of p 1t TAis defined This risk limit additionallyis a function of severity as depicted by
Figure 8 asdefined by Kuhlmanfi. However, also this is negligible for AD3+ as it is
assumedseenegligenceof security discussiorthat events with more than 100 fatal

ties will not be caused by AD3+.

4 IMcn.a
10 - = M
ex,a
_____ ~
~
-6 A Y
= 10 S
A Y
~
“
~
8 ~
10 N
A Y
i N\
10 10° 10* 10°
I

Figure8 Individual risk limitfor exogenous reasomas afunction of fatalities per evefit

As Seeger explains, theseferencenumbershave changedThe probability to didhas
reduced during the last 40 years. Compare the nurfioens1973stated Aove with the
overallmortality in German3f 2013 (sed igure9).

¥ Seeger, C.: MEM eine Konstante? (2013), p. 14&15.
1 DIN 50126 Bahnanwendungen (2000).
%2 statista.de: Sterbetafel: Deutschland, Jahre, Geschlecht,Vollendetes Alter (2013).
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—
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Figure9 Mortality over age for @ man men in 2013

Calculating the MEM for 2013 and following the approach reported in Seeger two
different values for MEM resultn 2013 the German population of-35 yearsolds
was® () x& v fp ™. Of these’® ¢ mdied® and out of thesé&d, p T Y
diedP®* from exogenouseasons Iaternational Statistical Classification of Diseases and
Relatel Health Problem$ICD-10Y*. Thus, following either the Kuhlmann definition

0 5 —~—" @& dp m pTA results, or theEN 50126 definition 0

—h_ ¢8utp m pFAresults. Both numbers aneeaningfulto study.

Besides theminimum endogenous mortality also the curremtogenousmortality
caused by road trafficould be takerior comparisonAs has been described the egog
nous mortality depends on the kind of scenario one is expos&édeexogenous an-
tality caused by road traffic is defined by the fatalities in road tr&ffic that has ka
ready beerused But what is theexposure timeof road traffic? In general, this is not
directly reported by any statistic. Tdentify the averageexposure of the individual to
road traffic0 the results of questionings givapgoximate values. For Germanin
2013, the time spent for mobility daily is reporfdto be 1 E 1(German:
Mobilitatszeit) Unfortunately it is not reported how much of this time is $pemoad
traffic. A modality split is given, but without distinguisiy different forms of public

transport.Based on these numbeapproximatelyy 0 of thesey 1 E is the rough

*3 Destatis: Gesundheit, Todesursachen in Deutschland (2014), p. a:46, b:6, c:8.

** http://apps.who.int/classifications/icd10/browse/201&Zass V01Y98 Chapter XX accessed
24.09.2016

%5 Streit, T. et al.: Deutsches Mobilitatspanel Bericht 2013/2014 (2015)j B937
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1.4Possible Safety Impact of AD3+

estimation® for this thesisthusd o @& i@ 81 E1 o ¢&) U p ¢E are assumed

to be the average time spend in road traffic for the German population in 2013. The
average populatiomf Germany in 2013 was Y # WP 1. The exogenous

mortality results to bé (& X 1 FAcaused  road traffic. For Austria the last
questioning was did in 2008, thus no numbers exist for comparison of 26:08.the

question orwhetherto use the road traffic victims pekposure timdor quantifying the

safety outcome of AD3+ twmain results can be drawniiF st , t oddoywdis st at
directly offer the average exposure time to road tra8mecond, the roughly estimated
exogenous mortalitfor road trafficexceeds the definddEM limit.

Besides the challenge of identifying theage time, this time natecessarilystands for

a successful fulfillment of mobility needs. Mobility means the transport of someone or
something from one place to another. Consequently, in the following subsection the
distancéQ another value for exposuytie studied.

Road Traffic Victims per Distance

Besides expressing the usagedxposure time , also thedistanceQ can be used as
exposure. The values of victims per distaf@@g "2a and victims peexposure time
“Or) " connected by the average velooify

0N *Yé?—?a%g (1-6)
Caution: In Germany® 2013, private motorized transpotoveed ¢ @ b of the ds-
tance in traffic whereas it only cowatt@® P of the usage timspend in traffic. For
walking the ratio is even momextreme p @b of the time and;& b of the distance.

Thus, it must be clearly defined what is reéerto as the exposure.

Someapproaches exist in literatutlkat try to defie first qualitative requirements for
automated driving based datalities'Q, per vehicledistancedriven’Q duringa time
frame for exampleone year

G

OhiR o8 (1-7)

Sivak and Schoetttédiscuss different cases of automated drivtglitiesper distance
‘O in comparison to conventional driving shownRigure 10. Case 1representing

% Additional effects likenot represented foreigners in these questionings could be considered.
" Desatis: Verkehrsunfille Zeitreihen 2014 (2015), p. 6.

%8 Streit, T. et al.: Deutsches Mobilitatspanel Bericht 2013/2014 (2015), p. 36&38.

*Sivak, M.; Schoettle, B.: Road safety with sétiving vehicles (2015).
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1 Introduction: The Assessment of Automated Systems

the line for a fleet containing only selfiving (Level 4) vehicls, is discussed to be
unrealistic as it goes through zero oa trertical axis. Sivak and Schoettle leave it open
which of the other cases will become reality.

High | we— Conventional vehicles
wausnn Self-driving vehicles

Fataility rate per distance driven

Low

Young ) Old
Driver/user age

Figure10 Fatalitiesper distance driverusing conventional vehicle
and seldriving vehicles as a function of driver/user dge

The drawback of the discussion of personal injui@asad vehicle distanc@is the fact
that there exist events with more than one victim. Thus the\thht is discussed with
“Or) would most likely not be seen in reality.

Accidents per Distance

The ratio"On Between victimof accident® 'O o x&Jp 1 andaccidens with per-
sonal injurie®d ; ¢ w§ P Tfor the totalGermanyroad traffic in2013, is

08 § — poB (1-8)

h

Consequently other approaches exist that discuss accidents per distarf@eexpress

the riskof road trafficTon [ €] i I |l umi ne a facet of the safe
the entity may be a road section, a set of intersections of the same type, a group of
vehicles having some common f eat UHaee, an age

more genericallydiscusgsthe accident raté 'Y
I OA OAQIAAIADA AERRKROBAADHEAA
Li T Ol oobl EBOBAABBEAA

(1-9)

% Destatis: VerkehrsunfalleZeitreihen 2014 (2015), p. 20.

®1 Hauer, E.: On exposure and accident rate (1995).
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1.4Possible Safety Impact of AD3+

If from a motorist point of viewtheaccident rate gets lower with exposure being vehicle
distanceraveledQ , thustheaccidens per distancé 1) ;Ghe entity clearly gets safér

Wy O
onaQ 68 (1-10

Coming back to theprevious example as the distance drivéd in Germany(Q
X ¢ mE [ and the number of accidents with fatafitisd o p o arebig-

ger than in Austrid®> (Q x @ c mEl and® { 1 o)uthe two numberson
accidentswith fatalities per bllion kilometer 6 IR 5 1& pfor Germany and

0  uvd YAAAE A AkicdaEDies per bllion kilometers for Austriaresult. Thus

for people driving the sanmdistance the German road traffic system is safer. Changing
the exposure and using time in traffic, number of trqrsothers also Austria cold be
safer. This simple emple shows how difficult it io fairly compare two entities in
road traffic in means of safety. It is not just the kind of accident that needs to be spec
fied, it is also the kind of exposure that is used for comparisond.even the numbers

for distance driven are not unambiguphecauseghese numbers have to bstimated
based on different measuremé&hts

Although the distance between two events of the same kind is described by statistics

the drawback using the accident mkstance quantity is the uncertain severity of an
accident registered in the databasHse German Federal Statistical Office rep¥rt

three major classes of accidefdss 2013 with Aprompeftgdpcddamages
pm,with fApersonplcuigmpfas i webl as wigh Afat.
o p oResides these classes further accident classes are r&fovtedh not necessar

ly arerelevant forsafety. Consequently these additioddferentiations(e.g. accidents

with victims influencel by intoxicating substancgsre neglected for the further diseu

sion.

62 just dividing by exposure does not always make accident rates comparable, as for example the number
of accidents and the exposure could correlde furthe discussion on this topic especially in the
context of road safety work and civil engineering stsier, E.: On exposure and accident rate (1995).

83 Destatis: VerkehrsunfalleZeitreihen 2014 (2015).
® Destatis: VerkehrsunfalleZeitreihen 2014 (2015), p. 20.

% OECD IRTAD: Road Safety Annual Report 2016 (2016), p.Statistik Austria: StraRenverkesn-
falle Osterreich (2016), p. 17.

% Hakkert, A. S. et al.: The uses of exposure askliri road safety studies (2002), p. 8.
8" BMJV: StvUnfStatG (1990).
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1 Introduction: The Assessment of Automated Systems

Giventheseclasses of accident severities the idea of the triangle figore 7 can be
translated to accidents pertdisce and a discrete ordinal scale as depicteédjurell.

Accident Severity

ﬁ—*At - —— prevented by vehicle automation
1 - due to vehicle automation
<4<« Ay ==+)
O—‘ App=r=r=r=imimimimim- \‘_"
Known types of accidents per distance Apd New types of accidents p;r distance Apd

Figurell Theoretical potentiab reduceaccidents per distangdth vehicle automatioand
consideration of accideseverity

Exposure, Accidents, and Severity

The thoughtgliscussediboveleadto the three dimensions of tke-calledroad safety
problem froma public health point of vie tha is depicted irFigure12 (left).

Apd Apd Apd,,

IpA IpA; IpA;

Figure12 The size othesafety problem (number of humarjuries and fatalities) illustrated
as a function of thproduct of the three variables expos@e&rash rislo 1) @nd injury cons-
quencéon @f. Rumaf®) (left: all accidents, middle: with fatalities, right: withjirries)

Depending on the | evel of severity that 1is
the severity selective gray areas must sum up to the overall number of accidents. The
volumes represeimg the number of victims must sum up as well to the overall number

of victims.

Al-Haji concludes that there are three ways of reducing the safety pf@blem

® Rumar, K.: Transport safety visions, targets and strategies: beyond 2000 (1999), p. 17.
% Al-Haji, G.: Diss., Road Safety Development Index (2007), p. 43.
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1.4Possible Safety Impact of AD3+

Reducing exposure factof® : by reducing the amount of travel per person oriveh
cle and the total reduction in traffic volume.

Reducingaccidentrisk factors(Apd): by for instance improving driver skills, road
user educationyehicle performance, road standards, legislation antbrcement.

Reducing accident severifactors (‘Or)bby protecting people better in vehicles
from injury severity. Protecting pedestrians and other vulnerable road users by veh
cle designand protecting two wheelers by using appropriate helmets.

In principle to study the overall safety outcome when introducing AD3+, all three d
mensions need to baddressedit should be mentioned that for studying the whole
traffic systembébs safety diff é%ronevertheaf ety
following has been defined to be focused in this thesis.

Safety Performance

To study a quantity that expresses the safety of a driving function of AD3+ without
considering the usage and passive safety features, the inverse of the accidests per di
tance measure @efined as the safety performany®

wr P Q
Yu 510 58 (1-12)

It represats the distance between two accideotsnore genergl the distance between
two eventsof the samecategory The bigger thesafety performancéY () thus the di-
tance, the safer the vehicMhich is observedAs the thoughts on the severity classes of
accidents expressed yigure 11 still need to be taken into accoutite safety perfie
mance is defined as a vecipr|} To study the effect of competing classeseéntsin

this thesidwo classesaccident withfatalities!  as well as with personal injuriés

n%l’l
1P ¥l

1-12
1) P n ( )
s U

&

1k

are considered

The| [for the whole German traffic in 2013 followsijth thenumbersgivenabove, to
be

0 Al-Haji, G.: Diss., Rad Safety Development Index (2007).; Chen, F. et al.: Benchmarking road safety
performance (2016).
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R ¢® dp mEi .
1k - & GpmEl S (1-13)

In general als@dditionalclasses of events can be studiedassessingafety. Forthis
reasorthe safety performance refémseventsQin the following of the thesis

Monetary Weighting

To come to one scalar valuepegssing the safety performance it seems obvious to
weight by a monetary factoeighting ap e r sliwvenagasnst severe injured people

is ethically challenging and provokes criticism and rejection. Neverthele$seposs-

bility exists to do sany understanding ifo discuss it and to objectively prepare mfo
mation onthis topicfor broader discussion.

The German Federal Highway Research Institute (BASt) similar like other national
institutes of other countries publishes approximated numberacadent costs for
different severities in Germafiy(seeTable1).

Table1 Economic costs of road accideatsd victimsin Germany*

Severit Vel
y for 2013
Person injuries total 13.42
FataliiesO 3.95
Accident costs  Ototal Severe injuries 5 7.83
Light injuries h 1.65
Property damage 19.08
Total 32.51
o Average &tality 6F 1182
Person injuries costs of Average svere injuy Of 121.8
accident victimsin O _
Average ight injuriesor 4.982
Average acident with fatalities 47.16
Accident costsfor property Average acident with seere injuries 22.65
damage each accident in Average acident with light injuries 14.52
(0] Average svereaccident with only property damag  21.48
Other property damage 6.095

From Table 1 the costsfor victims of accidents in 2013 are used to comarn@verage
cost for accidents with injurigsl  and with fatalities |

" BASt: Volkswirtschaftliche Kosten von StraRenverkehrsunfallen (20afymation on the
methodology find hereBaum, H. et al.: BASt: Volkswirtschaftliche Kosten Herleitung (20VYBjues
for the USA and a critical reflection on that can be found8lincoe, L. et al.: The economic and-s
cietal impact of vehicle crashes (201&hdViscusi, W. K.; Aldy, J. E.: The value of a statistical life
(2003).
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AT 0 i . o

0 5 o @tp T (1-14)
sp O f L

0 5 - p& @p mO (1-15)

A mistake is made by assuming the numbers of severe and light injueegro

(O O m for accidents with fatalitie® . It is neglecteddue to two reasons: the
number of accidents with injuries is orders of magnitude higher than the number of
accidents with fatalitieso( | © and the average cosf a fatality ismagnitudes
higher than that of severe or light injurigd | 60 | 6l (seeTablel).

Using the average accident ctig cost performance scafanis calculated by

- ol ol
O € . - 1-16
60 5 8 (1-16)
This theoretical value would expressich distanceould be driven with oneost unit,
when accident costs should be balanced B¢ values from equatiofl-13) of the
German road traffic in 2013 lead to a cost performance of
El

v 5 _8 1-1
60 vt (1-17)

However this st performance is without meaning when discussesf distances
There are n@ventsin real drivingt h at f ¢ 0o s Fob thad reason Eh@ isaot
usedfor safety evaluatiom Other ways of using the monetary values for weighting are
possible. Foexample, accidents with injuries could be converted into virtual accidents

with fatalities by the factcnrr_. This virtual number of fatalities could be used & d
fine a virtual safety performance on the class of fatalities.

Neverthéess, this virtual safety performance would never be seen when testing in real
traffic. For that reason the safety performance veﬁuﬂis used as the quantity repr
senting the safety afehicle driving andAD3+ driving functiors inspecific

1.4.2 Prospective vs. Retrospective Assessment

The quantitieexplainedabove,that expressthe safety of an entityr a whole traffic
systemare calculate@itherretrospectiver prospective

Retrospective

The retrospective evaluation counts the number of eventbadkathappened, registers
the costs that result and estimates the exposure values liketdheehicle distance
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traveledQ . Besides the numbers for the severity level fatalities accidentnumbers

do notperfectlyreflect thereality, as there existspeciallybagatelles that are not repor
ed or recorded. But also the numbers of light injuries differs from the remleat

happeningsBlanco et alstate in this conteXt

Two factors complicate the national crash data. First, states have differenteequir
ments concerning what incidents are reported as crashes. Second, many crashes go
unreported. Estimates of unrepedt rates of crashes have ranged from as little as
15.4 percent to as much as 59.7 percent. The result is that the current national crash
rate is essentially a low estimate of the actual crash rate.

This needs to be taken into account when comparing thdergnior human driven
vehicles with the automated driven on#sis already aworstcaseestimation, as the
accident numbers of automated vehicles will be made transpaveéméreas human
accident numbers are inaccurate

It is not just the number of ac@&dts that containsrrors Also the level of severity or

the costs that are recorded can differ significantly from what is the real result of that
accident.The same counts fatistanceQ asthis is estimated based on other observ
tions like gasoline consumption, traffic counting or odometer readfottevertheless
theretrospectiveevaluation based on record@suntingsand estimationseems to bthe

best that can be done to validdhe safety assurance approadter the concept of this
thesis has been introduceatie challenges of existing data and corresponding reequir
ments are derivkin chapterd fApplication: Data to Apply the Usage Strategy

To derive reference values and illustrate certain calculations with examples this thesis
refers,wheneverossible, to the numbers of the year 204l&ough, for many of the

used parameters more up to date values are availabérs dike the cost factors or
counting of the origin of vehicles on German Autobahnratereported for 2014r

later.

Prospective

In contrastthe prospective evaluation estimates the number of etreaitsvill happen
in the future.lt estimateshe coststhat will result andassumes usagend exposure
values like thadistanceéQ for AD3+. Due to the nature of each estimation and agsum

"2Blanco, M. et al.: Automated Vehicle Crash Rate Comparison Using Naturalistic Data (2016, p. i.
Blincoe, L. et al.: The economic and societal impact of vehicle crashes (2015).

3 Own assumptiomasedbn the DMV approach:
https://www.dmv.ca.gov/portal/dmv/forms/forms/ol/0l316.pdtessed 24.09.2016

" papadimitriou, E. et al.: Safety performance assessment in Europe (2013), p. 374 ff.
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1.4Possible Safety Impact AD3+

tion, it suffers uncertainty. But the goal of each safety assurance is to do a prospective
safetyevaluationbased on all information that available ahead of introduction.

The goal is noto speculateprospectivelyabout the time in future whein ision Zerco

gets achievable. The goal of the thesis imtikea realisticprospectiveassessment of

the safety questiofio my understanding the argument at
on zero acalents as Grunwal® describes our society is used to road accidents. Traffic
participants are aware that driving in a vehicle can end up with damage to property or
health. A system has formetoundthis damage that tries to cover it l®mergency
servicesfrauma mediine, liability law and insuranceAs most of the people worldwide

take part in road traffic, they do accept this system and the fact that acadents
Generalizedhis meas thatevery human prospectiveoes a fAsmabk-l 0 saf
mentahead of participating in todayds road
traffic accident.

To get the type approval fahe technology and handle liability argumentatidansauld
be worth aspiring to showwrospectivelythat automated drivingeaches a safetgx-
pressed by the safety performartd} The following chapters will focus othat Dif-
ferent approaches will be explaineis, challengesvill be indicated and mew concept
that results in a specificsage strategwill be derived.

S Grunwald, A.: Societal Risk Constellations for Autonomous Driving. (2016).

29



2 StateoftheArt:Chal |l enges of
Approach to Assess Automated Driving0 s
Safety®

Q6 How to predict thesafety impact of automated drivihg

The goal is clear. Assess a new technology by prospectively deriving quantities repr
senting safety. But y is Q 6 raisedespeciallyfor automated driving? Why not for
systemswhich were releasd for production in the past? Beckéroncludes on this
question in one of his talks:

The &penditure for validatiorof systems sudfing higher complexityvill increase
by a factor of 10to 10, thus: traditional statistical validationis not suitable for
higher degres of automationhighly automated systems require completely new r
lease strategies

He underlines his thoughts wikigure14 and formulates the goal:

Combination of statistical validation with new qualitative design and relstage-
gies

4
10° Classic statistical
% 106+ validation
2 107 Highway
2 10°- Integrated PicE
> -
5 10° Today S~ Combination of
® 10 masist statistical
3 validation
S 101 with new
e 1044 qualitative
& 1014 design and
Complexity of driving situations release strategies

Figure13 Validationandrelease processchallenge¥

The followingsectiors will firstly explain current test conceptecondlydefine generic
requiremerg for test conceptsand thirdly discuss the special features of automated
drivingc ompar ed t o t oday 0s,andmhviogidsThensubsection h e

® The main content and wording of this chapter is taken fdmshenfeld, W.; Winner, H.: The Release
of Autonomous Vehicles (2016).

""Becker, J.: Toward Fully Automated Driving (2014).
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2.1 Current Test Concepts in the Automobile Industry

2.4 will derive the challenges of releasing ljuhutomated vehiclesBased onthis
knowledge the so-called ii pprovatTr a pvil be highlighted Subgction 2.5 will
conclude this state of the art with a review of existing approatth@vercome the
i Aprovd-Tr ap O .

Oneof these approachesll be the iTheory StochastidModel for Safety Assessmerit
that is introduced in chapt& This conceptof chapter3 makes upghe main ®ntribu-
tion to researchvithin this thesis.

2.1 Current Test Concepts in the Automobile In-
dustry

Q7 How are todayodés automobiles te

The safety validation concepts currently used in the automobile industry are obtaining
approval for four distinct automationvigls. To illustrate the difference for the test of
these systems compareddib3+, these four systems will be explained briefly:

The first system in series is the drialy vehicle without the automation of the\dri

ing task. For these systems, it carsben that, on the one hand, the components used do
not exceed maximum failure rates, and on the other, that the driver is able to maneuver
the vehicle reliably in roaddffic (controllability). The abilities of the driver are relied

on, as the results tfie conducted tests with test drivers are transferred to future users in
the subsequent area of use. Over the last decades, this has shown itself to be successful
in serving as proof of safety. Despite the increasing number of kilometers driven in road
traffic, the number of accidents remalfisonstant, and the number of fatalities has even
decreased

The second level of automation in series is the assisting system: For systems such as
Adaptive Cruise Contrél (ACC) or Lane Keeping Assf8t(LKA), their fundions have

to be covered by the test in addition to the existing scope of testing. The option of a
takeover by the driver and controllability must be provided in systems that actively
support the driving task, increase comfort, and reducel the v eessdlse Cede of
Practic&' thus assumes that, in this ADAS (Advanced Driver Assistance Sys&em), r
sponsibility for vehicle behavior remains with the human driver. For these systems it

8 Destatis: Verkbrsunfalle- Zeitreihen 2014 (2015).
Winner, H.;Schopper, M.: Adaptive Cruise Control (2016).
8 Bartels, A. et al.: Lateral Guidance Assistance (2016).

8. Donner, E. et al.: RESPONSE 3 (2007), p. 237f.
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also applies that the abilities of the driver are relied on, so thatsldis of the co-
ducted tests with test drivers are transferred to future users in the subsequent area of use.

The first partlyautomatedsystem& (AD-level 2) have also been approved for use in
series cars: Depending on the speed, ACC in combinatidn IM{AA takes over the
lateral and longitudinal control for the driver. According to the definition, in the third
category of systems, the driver is also responsible for the vehicle behavior. Therefore,
this test also focuses on the possibiliya takeover and the controllability by the
driver; and so the same principle applies as with the assisting system, which relies on
the abilities of the vehicle driver to correct undesired automation behavior. This level of
automation presents the special challermetlie safety validatiomesultingfrom the
conflict between relieving the driver and the necessary situation awareness of the supe
visor of the lateral and longitudinal contrdlhe basics of this conflict have already
beendescribecby Bainbridg&® in 1983. However,againthe driver is ultimately respo

sible.

Of particular interest for the test are emergency intervening systems, which autbmatica

ly intervene in the vehicle control and thus in the vehicle dynamics. The goal of this

fourth category of systesn i s t o counter the driverdés | oss
For example, Electronic Stability Contfo{ESC) and Emergency Brake As&{EBA)

are components of mechatronic brake systems that apply additional or reduced braking

force without any actio on the part of the driver, thus actively intervening in tha-veh

cle dynamics. This is performed during the ¢
combination with the driver, is at a higher level of risk. ESC is designed in such a way

that an intevention is carried out when the driver clearly no longer has control over the

vehicle in the current situation (e.g. in the case of extreme ovemdersteering). In

contrast, the EBA becomes active when the reaction time and the braking distance

beforea rearend collision are no longer sufficient for a human to prevent this accident.

The goal of validating the system regarding safety requirements is to show that eme

gency intervening systems should only become active-ftoséive) when the loss of

control becomes obvious and thus there is a severely increased risk. For this, it must be

shown that the falspositive rate becomes as small as pos&ilaied/or the effects can

be controlled by the driver; the falpesitive and fals@egative rates of thEBA man-

ly depend on the objegierception Figure5 shows a Receiver Operating Characteristic

curve (ROC curve) which describes this relationshifiaetitious object detection.

8 iike, S. et al.: Traffic Jam Assistance and Automation (2016).

8 Bainbridge, L.: Ironies of automation (1983).

8 yan zanten, A.; Kost, F.: Brak®ased Assistance Functions (2016).

8 Winner, H.: Fundamentals of Collision Protection Systems (2016).

% Rieken, J. et al.: Development Process of Forward Collision Prevention Systems (2016), p. 1182.
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2.1 Current Test Concepts in the Automobile Industry

As these emergency interveniagstems are systems with no guaranteed operation, an
increase in safety can be achieved by reduced usage combined snthller false
positive rate. Additionally, these systems enable overffdifSC and EBA employ the
selective braking of wheels to imeene mainly in the braking system, and various
strategies can be used to override them, by steering and/or accelerating.

As has been shown, the main focus in the development of the four system levels is
controllability by the driver. The goal is eitherd@oable controllability for the driver or

to restore it for him/her (design for controllability). Therefore, the driver as a backup is
the basis for validating current vehicles regarding safety and hence also for the produ
tion release.

The development angerification of this controllability for the driver is generallyrea
ried out in accordance with the procedure modéligure14. This procedure based on
the UModef® differentiates between the downward branch on the- ldftvebpment
and design and the upward branch on the rigiverification and validation as a mean
of quality assurance. A test concept is followed for the quality assurance.

ASIL | ﬂ
» ~ T t .
evaluation estcases e — test/trial

------->
test

Requirements
analysis

Hazard and
— operability / Field
study Test cases test/trial

System design |«gm = = =g System test

Increasing level of abstraction

design Component test \
Event tree Failure mode
i and effect
analysis :
analysis |

" Fault tree \ / Hardware-in-
_ Verification/Validation

analysis Component the-loop
Component Software-in- ‘
development the-loop
Figure14 Safety evaluation methods in the developmeatess (according to Weitzel ef3l.

As shown by Schuldt et &.in Figure 15, a test concept comprises the analysis of the
test object (object under tésOuT), the test case generation, the test execdiod the
test evaluabn.

8 Winner, H.: Fundamentals of Collision Protection Systems (2016), p. 1169.

8 http://www.cio.bund.de/Web/DE/Architektemund-Standards/MModell-XT/vmodell_xt_node.html
accessed 24.09.20160: DIS 26262: Road vehicleg-unctional safety (2008).

8 Weitzel, A. et al.: Absicherungsstrategien fiir Fahrerassistenzsysteme (2014).

0 Schuldt, F. et al.: Effiziente systematische Testgenerierung (2013).
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Figure15 Procedure for test concept (according to Schuldt %} all.

The analysis of the test object and the test case generation should be performed during
the development/design phase, Isat the test cases to be carried out are already defined
for the verification and validation (sdeéigure 14, procedure model). According to
Horstmann® and Weitzekt al®, at present a distinction is made betwéweee methods

for the determination of test cases: One method is the test specification based on the
specification sheet, whereby test cases are defined based on system specifications which
have been set down in specification sheets. The second methadrisktbhased test
specification, whereby risk considerations are used to determine the test cases. The third
method is the interfaekased test specification, whereby the test cases are selected in
order to cover the value ranges of the interfaces. Fahede methods, the drivér

vehicle system is the basis of the test case determination.

To start with the quality assurance as early as possible, tests are already carried out in
virtual test environments before the first test vehicles are ready foritestThe test
execution by means of modednd softwaran-the-loop testsis based on simulation
models of the vehicle, the humaand the environment. Thareviously identifiedtest

cases are used here. The further the development progresses, thetlggeatarber of

real components available for testing. Test benches, driving simulators or testing
grounds are usddr these testsThe tests performed using hardwarehe-loop, driver
in-the-loop, or vehiclein-the-loop provide information about the quglof the comp-

nents and functions being tested. To check the actions and reactions of thd driver
vehiclei environment system (to close the loop), simulation models are also needed in
performing these tests. Therefore, simulation models will be refuwatinuously for

the test execution up to this development point in order to test the entire vehiale. Sim

% Horstmann, M.: Diss., Verflechtung von Test und Entwurf (2005).
9 \Weitzel, A. et al.: Absicherungsstrategien fiir Fahrerassistenzsysteme (2014).

% Hakuli, S.; Krug, M.: Virtal Integration in the Development Process (2016).
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lation models are mappings of reality in software and pbaasethe property of simp
fying the real world”.

As a result of this fact, no safetglevant functioncurrently existan a series vehicle

that has not also been tested with real test vehicles. Thus, for testing current systems, the
automotive industry always falls back on real vehicles, real hunaawasa real env
ronment.

An exemplaryresult of the necessary use of real driving is the production releake of t
Mercedes Benz €lass (W212)A total of 36 million test kilometers were completed
According to Fach et af, the safety validation of a current driver assistance system
alone regires up to 2 million test kilometer$his high number of test kilometerg-b
comes understandabiéhen realizing tha50,000 to 100000 kmtest drivesvereneces-
saryin between two interventions of the first level of the Ef@asiive rate) This does

not even consider the fact that the more critical second level of the EBA wasgaot tri
gered during these tedistance(compare assertion iRigure5). This eighitfigure total

of test kilometers is accompanied by considerable costhéovehicle prototypes, test
drivers, test executigmnd the evaluation dhe same. While the time requirement can
be reduced by means of parallel testing with multiple vehicles, additional costs are
incurred for the vehicle prototypes.

This example sbws that even for current driver assistance systems, validating safety
based on real driving in road traffic represents an economic challenge for the OEM
(Original Equipment ManufacturerThis challengefurther grows against the bke
ground of the increasg number of functions and widening ranges of variants and
versions for each vehicle model. For example, Burdddgduces a number of 162
variants for the BMW 318i (E90) with components such as body form, engins; tran
mission, drive, color, A/C, imitainment.

Therefore, there are already endeavors to use other test execution tools alongside real
driving for final safety validation. The only exampleagplying SiLknown to mes the
homologation of ESC systems. Accordingg6E Regulation 13Hor the EU®®, there is

the option to perform some of these tests in simulation:

% Hakuli, S.; Krug, M.: Virtual Integration in the Development Process (2016), p. 173f.

% Daimler AG Press: Press repor(Hass (2009)d ( é )  TOtass] afrifeed by way of comprehensive
virtual tests with digital prototypes and a total of 36 milliot e st ki |(Retmeveder s (é) . 0
28/07/2014)

% Fach, M. et al.: Bewertung der Beherrschbarkeit von Fahrerassistenzsystemen (2010).
" Burgdorf, F.: Diss., Eine kundennd lebenszyklusorientierte Produktfamilienabsicherung @20
% UN/ECE: Regulation Nr. 13 (2010).
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When a vehicle has been tested phylyica accordance witH(real world testing of

a master car)] the compliance of other versions or variants of the same vehicle type
can be prove by means of computer simulations that adhere to the testticmsdi

[ é fnd thetest proceduref €.]

Note that this only applies to the ESC system. As an example, BaaKe @¢sdribe the
homologation of ESC systems for vans fr@aimler AGin collabaation with Robert

Bosch GmbHand IPG CarMakér : Using what are known as master cars, a vehicle
model was created in CarMaker, and these master cars were used to collect reference
data on the basis of which the simulation model was validated. This erediladla-
tion-based recommendation for the apgl of further vehicle variants with different
settings. Baake et al. also report on the transfer of this procedure to the Cross Wind
Assist (CWA) function, although this has not been daitrtbe time of their publication

2.2 Requirements for a Test Concept'®

Q8 What does a test conceptvedo fulfill ?

In order to discuss whaD3+ poses a particular challenge for safety validation, the
requirements for test concepts to assess safetyecapitulatéd’. These are divided
into dfectiveness and efficiency criteria.

2.2.1 Effectiveness criteria

Representative 1 valid

The requirement for representativeness has two aspects: On the one hand, the test case

generationhas toensure that theequiredtest coverage is achieved. For example, a
vehicle should not only be tested at 20°C and sunshiiewill be exposed to snow,

rain, and temperatures under 0°C in real situations. Additionally, vehicle limit samples
(tolerances during production) should be considered in the test case genénattbe.

other hand, the test executi@tiL, SiL, test tacks, etc.)nust encompass the minimum
degree of reality required. This means that the simplification in the representation of
reality mustneitherinfluence the behavior of tHeuT nor the behaviorrad properties of

the environment with respect to real behavior.

% Baake, U. et al.: Testing and simulatibased vidation of ESP systems for vans (2014), p. 30ff.
1%\wachenfeld, W.; Winner, H.: The Release of Autonomous Veh{2@ks), p. 432ff.
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2.2Requirements for a Test Concept100

Variable

The test execution must provide the option to implement all the test cases defined by the
test case generation.

Observable

For the test evaluation in particular, it is necessarybserve parameters of the test
execution. Only when the situation can be descrilbéslpossible to make the statement
test fApassedo or fAnot passedo.

2.2.2 Efficiency criteria

Economical

There are two parts to the requirement for the economical test conoepie One hand,

the test execution should be prepared and carried out as quickly as possible in order to
be able to providéeedback on the test object the persons involved in the devpio

ment immediately. On the other hand, it must be ensured thagshexecution is pr

pared and carried out at the lowest cost possible.

Reproducible

Reproducibility greatly reduces the work required for regression tests. For example, if
an error has been detected and@uwd modified accordingly, the goal is to subj¢ice
OuTto a test in the same scenario as before.

In good time

The earlier in the development process a product can be tested informatively, the fewer
the development steps that need to be repeated in the case of an error.

Safe

The test execution shoufit exceed the accepted risk for all participants. This must be
considered in particular for real driving, whereby road users are participating in the test
without their knowledge.

The requirements described are fulfilled sufficiently by the current testepts and
therefore the four different automation levels presented are approved. However, the
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recalld® or software updaté¥ of all the OEMSs, which affect millions of vehicles,
indicate that these test concepts certainly do not address everything. geedneepts

also suitable for validating the safety of new systems sutiighsr automatedriving

in public road traffic?The presented requirements do not change for the assessment of
AD3+. However, as will be described in the following section,@d changes greatly.

2.3 Special Features of AD3+

Q9 What is different comparing AD3+ atdo d aeyigs yehicls?

In the following section, the difference betwe®d3+ and current driving in road tra
fic is explained. After this, the differences between the &raffstems for air travel, rail
travel and road traft are presemdin compact form to argue whonly limited findings
from these areas can be transfetethe assessment of AD3+

2.3.1 Comparison between AD2- and AD3+ road vehicles

For the previously desdred safety validation of the levels of automatamilable in
series(AD2-), the focus is on the vehiclen particularthe focus ison its controllability

by the driver. In the combined representation of the tleeel model for human target
oriented bhavior based on Rasmus$®rand the thredevel hierarchy of the driving
task based on Dong88in Figure 16, this validation corresponds to the elements with
the green background. The vehicle and its behavior in the longitudithddtenal dire-

tions are tested; ithis process, the behaviand abilities of the future driver are not
tested Only the possibilities for the test driver to control the vehicle in the test cases by
means of steering and acceleration cordrel addressk Therefore, the green box only
overlaps slightly with the area thagpresentshe driverand the environmenPerhaps,

from the point of view of a current test manager this seems unusual, because already
today this little portiorcorrespondso a high &penditure (compare agam Tt E from
Figure 13). Neverthelessthis is just a small slice of th@ssiblecombinations the real
environment® offers, especiallywhen combining road surface conditions, lighting
conditions, otheobjects, ego motion states, etc..

%1 Harald Altinger et al.: Testing methods used in the automotive industry (2014), p. 2.
192 Tesla Motors Inc.: Upgrading Autopilot Release Notes v8 (2016).

103 Rasmussen, J.: Human Performance Models (1983).

1% Donges, E.: Fahrerviealtensmodelle (2011).

195 (The coloring ofFigure16 should be seen as a qualitative not quantitative comparison.)
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Transport Mission
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| H Dynamics
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Sensory Input Range of Safe Motion States
L Alternative Routes

Ref.: Rasmussen, 1983 Ref.: Donges, 1982

Figure16 Threelevel model for human targeriented behavior based on Rasmu&¥emd the
threelevel hierarchy of the driving task based on DoAtes

For AD3+, the abilities of the driver are now omitted and he/she no longer functions as

a backup. The driving task, i.e. navigation, guidaacel stabilization/control, is taken

over by the driving robot. This means that A@3+, there is no test of the controli&b

ity, but only a test of the operation of a technical system. On the one hand, this makes
the test easier because the uncertainties due to the human and its individual differences
no longer need to be covered by the test. On the other hand, therengerothe option

to use test cases and test drivers to draw conclusions about other use cases. The human
is omitted who generally acts based skills, rulesand knowledge

For the safety validation of current systems, safesultingfrom the driver ad the
vehicle in combinatiomust be proverhowever, for the production release of theiveh
cle,t o d dogud & solely on the vehicle. Additionally assumed, but not tested, is the
Areliabil ity odassesdinghe auomatkdsystene in .termbk nafety, the
safetywhich must be provenow results exclusively from the technical system of the

driving robot and the vehicle (yellow field Bigurel6).

Figurel6 shows on the one hand thatcase 6AD3+ the quantity of tasks that must be
tested increases: The driving robot is required for a wide variety of application areas
(seethe different use casesuch as navigation, guidanead stabilizatioftontrol. This

task quantity presents a partiautallenge in public spaces without access limitations.
On the othehand the quality oftasks for the technical system changes. Currexah-

nical systems are meretpols following instructionsor are corihuously monitored by

1%\nachenfeld, W.; Winner, H.: The Release of Autonomous Vehicles (2016), pAd@dionally
compare the primary sour@onges, E.: Fahrerverhaltensmodelle (2011), pAs5vell asRasmis-
sen, J.: Human Performance Models (1983), p. 258.
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a humanWhile for AD3+ the unsupervisee@xecution of a task must fulfill the reqeir
ments of safety discussed at the beginning of this document.

2.3.2 Comparison of the stipulations in air traffic, road traffic,
and rail traffic

Along with road traffic, there are other traffic systemmsvhich automation has esta
lished itself. he following section will discuss the extent to which the challenges and
solutions from these areas are transferabtedadvehicle automation.

The automation in (civilian) air travel does not currently prevaahy examples of full
automation. Even if pilots only very rarely actually perform flying tasks, they are still
present in a supervising and operating capacdile 2 provides an overview of the
differences in e traffic systems, whicts taken from Weitzel et 8" and Standéf®

For the safety validation, the safety concept for the traffic flow is of particular interest,
as this shows themaindifferences between air travel and road traffic. Air travel operates
in a legally seHcontained traffic space, a collision warning system is mandatory, and
external monitoring of operations is provided by air traffic control.

The railway traffic system provides examples of full automation: For examplej-an a
tomated undergund railway is in operation in Nurembély However, according to
Table 2, even in this traffic system the safety concept for the traffic flow in particular
differentiates between road traffic and the railway. €hisr a legally sel€ontained
traffic space for rail travel; in addition, logimased systems and external monitoring are
used to avoié collision between two trains.

197\weitzel, A. et al.: Absicherungsstrategien fiir Fahrerassistenzsysteme (2014).
198 stander, T.: Diss., Modellbasierte Metteozur Objektivierung der Risikoanalyse (2011).
199 Reschka, A.: Safety Concept for Autonomous Vehicles (2016), p. 480.

40

Appt



2.3 Special Features of AD3+

Table2 Comparison of the conditions in the traffic systeraken from Weitzel et al®” and

based on Standé&f

Air travel

Road traffic

Rail travel

Movement options

3-D (space)

2-D (area)

1-D (line)

Operator

Responsible
vehicle operator

Usuallyredundant

Not redundant

Not redundant

Professionalism o

Almost completely

Small proportion

Almost completely

the vehicle . -7 | full-time occup- . :
full-time occupatior] . full-time occupation
operator tion
Training

Theory > 750 hours > 21 hours ~ 800 hours
Pracice > 1500 hours > 9 hours ~ 400 hours

Trallnlng for Yes No Yes

vehicle type

Further training Required Not required Required

Safety concepts of the traffic flow

Traffic space

Legally defined

In special cases

Legally defined

self-contained boundaries boundaries
Driving by sight No, only in special Yes No, only in special
cases cases

Technical eqy-

Collision warning

Road markings,

Automatic vigilance
device, intermittent

ing

trol

traffic lights, train control, aut-

ment (examples) systems mandatory oS ORI
traffic signs matic driving and
braking controls
External monito- | Yes, air traffic co- YQS’ centralized
) No traffic control, ope-

ation center

Technical framework

Documentation of

Monitoring of ope-

tours / operating Yes No ating performance,
hours autom tachayraph
Only by certified
Servici : Only by certified | WorkshopspPo it | companies, and the
ervicing, repairg :
companies yourself also small wok-

shops

Accident analysis

Every accident /
serious malfunction
by independent

In individual cases
by certified asse-

Every accident /
serious malfunction
by independent

staterun body sor staterun body
NI i #Trgdai?;ealzllg%;gg
vehicles 10° (decreasing) | 10°(increasing) g
: performance of eac
(in Europe)

traction unit)

Change of mode

Approx. 20 yars

Approx. 57 years

Approx. 20 years fo
traction units
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As a mixed operation, road traffic does not fulfill the condition of a-mitained
traffic space and external monitoring. The differences show why solutions forahe pr
duction release cannot heansferred directly tahe transport modality chutomated
driving.

Besides the differences of the traffic systems in general, thsoexist differences in

the statistics thathallenges theomparisonof safetyof different means of transport.
The deinition of the severity of injuries for rail and road are harmonized in Germany
since 2004However, his is not the case for aviation as Vorndraexplains:Aviation
counts an injury as severe if the victim had to stag hospitaht least two days dumg

one week after the accident, whereas road and rail define a severe injured victim if
he/she had to stap a hospitalfor at least 24 hourgdiere it should be mentioned that
for comparing traffic systems it is not reasonable to compare accident nuhideefsy,
comparing differentypesof driving. The injury per accident numbers diffg@gnificart-

ly. Also, the way an accidergnd thus a victinis registered in the statistics diffets.

road traffig the accidentsre recordetby the police whereas imail traffic accidents are
reported from the operating company and in avionics it iSS#renan Federal Bureau of
Aircraft Accident Investigatio(BFU) that is responsible for the investigation of civil
aircraft accidents anskeriousincidents within Gerrany. The accidents that are recorded
for the different traffic systems alsliffer as road and rail only count accidents directly
connected to traffic actsélowever, &ionics for examplealso registecases where pe

ple wereinjured due to objects fallindown inside the cabin.

Not only the recorded accidents and the severity of injuries within the statistics differ.
Also thesafetyreferencenumbersshould be selected carefullor examplethe stock

of vehicles or aircrafts as a reference figure is eladuby VorndraH®, because the
ones are means of individual mobility wiem averagé™ of 1.5 people using one vieh

cle, whereas others are means of mass transportation.t@ésasage time is excluded
as figures for thiglo notexist separated for the different means of transportation. The
same counts for the frequency of usageesen u mb e r gepated®rradl &nd road.
Also, the publishednumbers of people transported fbe differentmeans otranspora-

tion is imperfecti especially theprivate aviation sector is unreported. Nevertheless
following Vorndrart®® the numbers of people transported together with the distances
traveledwith the different means of transportation are usedcomparisonThus, the
difference between mass and individual transpastigposed to be compensatsdthe
exposure value passenghstance.lt should be mentioned that also the distance-tra
eledis imperfect mainly due to the differencesinland vs. domestic traffic (German:
Inlands vs. Inlanderkonzdp. Inland traffic refers to traffic within a country whereas

10y/orndran, I.: UnfallstatistikVerkehrsmittel im Risikovergleich (2010), p. 1084.
M Eolimer, R. efl.: Mobilitat in Deutschland 2008 (2010), p. 3.
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domestic traffic refers to traffic generated by vehicles registered in the respective cou
try. Due to traffic of nordomestic vehicles oaircrafts thesenumbers differfor each
mean of transportation

In Vorndrart'®the following numbers are compared:

Table3 The average numbers for 2005 to 2009 in Germanyiétims per one billionpasse-
ger-kilometes for different means of transportatioh

Tram
Mean of transpe | Passenge| Bus Train (ﬁ]téflgsigzihn vl\?\elricﬁftat
tation vehicle (Kraft- (Eisenbahn H.och—’ statg57t
(Verkehrsmittel) | (Pkw) | omnibus)| incl. SBahn ’ '
SchwebeU- | (Flugzeug
Bahnen
Injured per one
billion passenger| 275.8 73.9 2.7 42.3 0.3
kilometers
Fataliiesper one
billion passenger| 2.93 0.17 0.04 0.16 0
kilometers

The challengéncreased$or comparing safety when also lookiatother countries. Find
a discussion orsafety comparison of different means of transportafiiwrthe USA in
Savagé®. As an examplesimilar numbers like above are giviar the USAin Table4.

Table4 The average nubers for 2000 to 2009 in the USA faictims per one billionpasse-
gerkilometers(pE I 1&® ¢ pl tE 1) f&r@ifferent means of transportatioh

Mean of tras- cl:izrh?r Bus(> 10 C;)arir;rgrllj(tjer Urban masg Commercial
portation ruck | passengers) o transit rail aviation
Fatalifesper

one billion |~ 5, 0.0681 0267 0.149 0.0435
passenger

kilometers

The statistics of the different traffic syste show differencein quantitybut alsg as

has been described, in the definition and methodology for recording and reporting
events. Consequently, care needs to be t#keifferent means of trapsrtation are

used for comparison with AD3+ and road traffic in general.

The comparisos given abovehould not exclude the possibility that solutions from air
travel and rail travel are of interest for road traffic. Certaisityilar problems such as

12y/orndran, I.: UnfallstatistikVerkehrsmittel im Risikovergleich (2010), p. 1087.

113 savage, I.: Comparing the fatality risks in United States transportation across modes and over time
(2013).

H4y/orndran, I.: UnfallstatistikVerkehrsmittel im Risikovergleich (2010), p. 1087.
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the reliability of safetyrelevant componentsxist Nevertheless, due to structural and
organization differencesxisting solutions should be examined again for road traffic.
Thesedifferences result in safety values that are orders of magnitude &imseof

road traffic. Thus, for the further development of a safety assessment concept, other
means of transportation are neglected as a safety benchmark.

2.4 The Challenge of Releasing AD3+ for Produc-
tion i AApproval-Tr a po

Q10 Whycant o d ay 6s notbe msedd elease automated driving?

As has been shown, the functionsaotomatediriving as arOuT differ fundamentally

from current road vehicles, but also from means of transportation in air and rail travel.
Therefore the meaningfuhess ofpresenteaturrent est concepts when transferred onto
AD3+ is examinedAdditionally, in the following sulsectiors, the effect of continuing

with the current test concelstdiscussed

2.4.1 Validity of current test concepts for automated driving

It has already beetliscussedha a test concept consists of test case generation and test
execution.In the following it is discussed hoand whether both are transferable to
automatediriving.

Test case generation

The three procedures for test case generation have already been dxpliaitheaheac

these procedures are based on the assumptio
question of whether a random driver can control the test object is tied to the legally
stipulated dri ver 6 SerindnRoadnTsaffic At'K (€ Abs.®2), ng t o t |
this driverods |icense is only issued if, amo

1 the applicant has attained a minimum age,
1 he/she is suitable for driving a motor vehicle,
1 he/she has received training,

The basic idedrahpot lye Whremphh ol & lcQuo vadis, FAS?
(2009)Winner, H.; Weitzel, A.: Die Freigabefalle des autonomen Fahrens (284 ®ell asWinner,
H.; Wacheffeld, W.: Absicherung automatischen Fahrens (20 E3) is elaborated in more detail in
Winner, H.: Quo vadis, FAS? (2015).

HeBMIV: StVG (2016).
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1 and has passed theoretical and practical tests.

And according to 8 Abs. 4 StVG, suitable is taken to mean:

A person is suitable for driving motor vehicles if he/she fulfills the necessary physical
and mental requirements and has not substantially or repeatedly contravened traffi
regulations or criminalaws.

On the basis of this required driving capability on the part of the driver, the test case
generation is limited to example situations: It is assumed that when the test driver has
mastered these example situations, he/she and every other driveromithiav er 6 s | i ¢
will also master the other relevant ntasted situations when driving. These include
situations in which the driver is actively driving, but also those situations in which the
driver is supervising the system and takes over coiftn@cessary Therefore, in cm-
bination with the driveros |icense test,
conclusion to be drawn about the safety of the driveehicle system. The way in

which it would be possible tturther optimize the practida dr i ver gasahi cens
evaluation basis for assessing the driving capahidityiscussed by Bah.

In the absence of the driver, the currently accepted metric no longer applies, and ther

fore the reduction of the test cases is no longer adnesdibe test case generation for

AD3+ must cover the driving capabilities in particulaa new quality of function$

which the human previously brought to the drivarehicle system. The theoretical and
practical tests of trepmesedtrthe difficuly. Howevercthen s et
following paragraph$ 8 10 Minimum Age, 811 Suitability and 812 Visual Faculty of

the Driver 6s VUipessm the chdengeu Therdfarep these paragraphs
stand implicitly for comprehensive requirenteiior the properties of the humans who

perform driving tasks. The human who fulfills these requirements has

1 experiencedens ofthousands of kilometers as a road user,

1 experienced social behavior as a member of society,

1 learned cognitive abilities,

i trained sensomotac abilities
| am not aware of any method for validly testing these functions for a technical system.
Therefore, the accepted metric and the reduction of the test cases no longer apply if the
human is removed from the responsibility of perforgnthe driving task. Theurrent
test cases are not meaningful for releasing automated vehicles for production, @nd ther
fore the test case generation must be adapted to the new system.

17 Bahr, M.; Sturzbecher, D.: Bewertungsgrundlagen bei der praktischen Fahrerlaubnispriifung (2013).
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Test execution

Different methods ranging from HiL to SiL to rewg-driving are used for the test
executiont*® Althoughthere is still a neeébr realtestdriving as animportant method

for the approvaf®, the reason for this, in particular, is the validity combined with the
justifiable economieffort. However, along wit the economieffort, higher automated

driving also presents a systematic challenge for the known methods. At present, real
driving stands for driving in public road traffic with test drivers. The task of the test
driver is to drive or supervise the veleidn every situation in accordance with the task

of the vehicle user. Transferred A3+, the use of a test driver
would not represent thbehavior ofa realuser, as the user does not have to supervise
the vehicle and the environntegmymore ready tainterveneif the automation makes a
mistake Additionally, the vehicle could also participate in the road traffic withoat pa
sengers (depending on the use case), and therefore a test driver would represent a non
real component in the faele. As a result, there is a risk that the use of a test driver
could influence the other road users and alter their behavior. Further refectichis

topic can be found at Farlét

Therefore, along with the test case generation, the current tesitiereis not directly
transferable t&\D3+. Research andevelopmenhas to be executed that adapts the test
execution tools for assessing AD3+.

2.4.2 Millions of kilometers on public roads until the production
release of fully-automated vehicles'*

The following theoretical consideration will show what it means to retain the current
test concept despite the differences shown. Let us assume that a reduction in the test
caseswasnot possible foAD3+, because no methdiket he dri ver 6s | i cens:i
humanswould exist The objective stills to draw a conclusion as to whether the risk is
increased or not by the use of tiigher automatedehicle:

Y

Y p

18 Schittenhelm, H.: RéaVorld effectiveness (2013).

195chéner, HP. et al. Testing with coordinated automated driving (2009), @launer, P. et al.:
Effiziente Felderprobung von Fahrerassistenzsystemen (2012), p. 5.

120 Earber, B.: Communication Problems Between Autonomous Vehicles and Human Drivers (2016).

ZL\inner, H.; Wachenfeld, W.: Absicherung automatischen Fahrens (2013)
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Hereit should be notedhat this condition is in no way imperative. However, tioe
theoretical consideration, a condition of less than 1 is assumed to leve¢hé& cope
with.

As has beeniscussedn sectionl.4.], a metric that can be used to determine such a
relationship are the figures from thebsequent evaluation of traffic accidents. For
Germany, these are the figures from the Federal Statistical Qffi@@13 for example,
the Federal Statistical Offit&citesd ; o p ocapcidentswith fatalities recorded by
the police. The figure for fatalities is used because this representstecasescena

io for the verification required. With a total 8 x ¢&tp mE I driven in Germa-
ny'?® the safety performae "Y) is representedy an average of o@tp mE |
between twaccidentswvith fatalities. As these figures only represent an expected value,
shorter or longer distances also exist between two acaidents of this clasgo rep-
resent this distibution of the accidenfor AD3+ eventsQ the Poisson distributioff is
used

0 Q %\A (2-1)

It is assumed that the occurrence of an accident is an independent agxhaostive
random procesd Q. In the equationQcorresponds to the number of accident events
of one classand_ to the expected value with which this event occurs. The expected
value_ is defined by the quotient

j— - (2'2)

wherebyQ  stands for the observed test kilometers afidor the safetyperformance
of the system. The performanass explained beforglenoteshe expected number of
travel distancebetween theevents The prolability distributions for'Q pcotu
and_ pc¢ are shown irFigurel7 as an examplfor the next gedankenexperiment

The figure illustrates the problem of providing verification of a certain level of ltigk:
assumedha the dark distribution stands for aAD3+ vehicle and thdéight distribution

for a driveronly vehicle. Both vehicles are driven tb@me testlistanceQ w0 X

with the distance facta® ¢ and the average interv@lbetween two fal accidents

i n t od a.yesafetyperfofmariceof the AD3+vehicle™ © OY is

greater than that of the drivenly vehicle(" ) by thesafetyperformance factor

@ ¢. The index of the AD3+ safety perfoen c e | ©®uTc ad$ edhiis i s t |

122 Destatis: Verkehr Verkehrsunfalle 2012 (203B).

123 This number will be discussed in more detail in subseditfiChallenge of th®ualitative and
Quantitative Data Demand.

124 Fyrtherargumentsor choasing the Poisson distribution are giversirbchapte8.2.
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B ) - | for AD3+
[ 1A =2 for driver only

Probability P
< ot
(@)Y o]
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Number of events &

Figurel7 Poisson probability distribution for the number of accidents tthdifferent e-
pected values

under testwhereas the drivesn |l y i nde x i,sndicatend that tthe séfétye n ¢ h o
performance of the human driven vehicle builds the bench(irk . Conse-
guently,the expected valutor the auomatedvehicleis _ p, and for the driveonly

vehicle_ c¢.

Even though th&D3+ vehicleis characterized by double tkafetyperformance of the
driveronly vehicle according to the previous assumption, during the teshDBe
vehicle wasunfortunatelyinvolved in a fatal accident (probability p  p A

@ ). In contrastin this gedankenexperimetite driveronly vehiclewasnot involved

in a fatal accidenfprobabilityd m pRA T J. That is just one of many pass

ble outcomes. Howevefor understanding the challenge this outcomeassumed
Therefore, a conclusion that tA®3+ vehicle is less safthan the driveonly vehicle
must be called into question. In any case, this example shows that a distancé factor
greater than 2 is necessary to be able to draw a conclusion with a sufficientlyghigh si
nificance about theafetyperformance oAD3+.

From a scientific point of viel@®, an error probabilitymust be assumedoF example
the error probabilityQ v P canbe used. A correspondingly large distance fagtor
must be selected, depending on the numbevehtsQ , in order to hag a probalhi
ity of less tharv b for a vehicle with a lower performance to achieve shigllnumber
of eventsThese thoughtare expressed lifie inequality

0 Q0 [0} (2-3)

12 Cowles, M.; Davis, C.: On the origins of the 5% level (1982
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The left sde of the ineqality represents the cumulatiygobability of the counted
number of event®) . Afunction_ Q Q is definedas theminimal solution of
the numerical search for

L QT 5° ©Q (2-4)

Exemplary results for théeterminingexpected valug arefoundin tables inappendix
A. The necessary distance factorresults from knowing. by solving equatioii2-2)

Q "o}

N

= Y = d

Figure18 shows the result of this nsideration and the numeric values.

&) (2-5)

— .
10F| aSPfl .
= .
v
L g : -
5
G’S 6_ b 4
)
g .
% °
2 2 —
0 1 1 1 1 1 1
0 1 2 3 4 5 6

Number of events k

Figure18 Distance factor atrror probabilityy b

The data point at zeventsmeanghat, with a distance facted o, the probability
is less tharv b that a vehiclgperformingworsethan the comparison group is nat-i
volved in a event

Unfortunately, the probability of success for this test is just as sBeadhuse if the test
vehicle is just as good as the comparison groupsafetyperformance factotw p
applies, it folbws that the probability of success for this verification is also oy

For the test to be successful, a greater probability of success is desirabla greater
safety performance of th@uT ® p. As an example, a probability of success

uttb for the proofis now demanded; by which a test shows that the test vehicle is not
worse than the comparison group. For this, the test vehicle must perform better than the
test group.
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Thisis formalized by
0 Q7 v TP 8 (2-6)

The determining_ _ 0 ft is again found in tables or by numerical
search. The necessary safety performance faotoresults from knowing_ and
solving equatior{2-2)
Q o & & 27
- &%0% - o x

Replacing the distance factor bguation(2-5), the safety performance factor is
® — (2-8)

Figurel19 shows he result of this consideration and the numeric values.

5
X
= m]
N
4T
v
5
&3
57 (o]
o
Q
£ 2 =
o O fork=0
2 O fork=1
g fork=2
5 1r A for k=3
’E for k=4
ol fork=35
0 L 1 1 L 1
0 2 4 6 8 10 12

Distance factor a ’ fore=5%

Figure19 Performance factoover dstance factor atreerror probabilityof 5% and a probabi
ity of success for the test of 50

The first point expresses the following: If the test vehicle is apmately 4.3 times
better(¢> than the comparis1 group("™ ), the teshas successfully provesith
a probability of 50% thatthe test vehicle is better than the comparison gweitip an
error probability of 3.

The consequender the test drive with thAD3+ vehicle is demonstrated by teafety
performance benchmari ¢ o®ip mE I between twaaccidentswith fataities.
The last pointblue diamond)n Figure19 expresses the following: If thED3+ vehicle
is twice as goodw ¢ as the comparisosystem (current vehiclegpproxmately
a tenfoldthe test distancdeing at leastQ ¢@&ip mE [ must be driven’Q
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® OY . In this case, the verificatiomould havebeen achieved with 5% probabi-
ity, but five eventswould also occur with the same probability.

Ironically, it follows from this consideration that tlsaferthe vehicle drivingbend-
mark is, the greater théesting distance has to ,bas the comparison value is @®fr
spondingly higher.

What hasnotdyétestheshata betwebsngresponsible for an accident or
being the person that is only affected by the accident without responsibility. If this
would be taken into account for the calculati8nthe benchmark value would further
increase. As an exang)?’, in Germany 203, the average driver was responsible for
559 % of his accidents. In additipage differences are reported. Drivers from 18 to 21
years are made responsible farI®% of their accidents, whereas drivers from 45 to 55
years are only sponsible for49.1%. This example shows that the selection of a
benchmark is not trivialAlthough this question might be of interest when it comes to
the question of guilt or to liability cases, for the safety outcomibis thesist is unim-
portant. Egpecially because no numbers or reasonable estimabiorthese existor
AD3+, it would result in an offset on the safety scale.

This theoretical excursion into statistics shows that production release can become a
challenge, if not an actual trap, D3+ driving due to the high distances calculated
Hereby, a number of factors for determining the testancehave not been addressed

yet; for example, a variation of the system would mean that thdis¢éshcenvould have

to be driven again, or the tesitivand without passengers could use a factor of two in
the calculation. The effect on the determined necessary kilometers of differeneparam
ters such as area of use, accident severity, accident eadseomparison vehicis not
considered here biig derived in detail in Winnéf®. The publication from Kalra and
Paddock®® takesa similarapproach andeadsto correspondingesults.Both publi@-

tions inEurope and the US cato similarconclusions and proposémilar actions.

These considerations are thetical observations with freely made assumptionsvHo
ever, this approach is still suitable for illustrating the problems and challenges, and for
motivating the approaches that follmext

128\Winner, H.: ADAS, Quo Vadis? (2016), p. 1566.

12" Destatis: VerkehrsunfalleZeitreihen 2014 (2015), p. 104.
128\Winner, H.: ADAS, Quo Vadis? (2016), p. 1557ff.

129Kalra, N.; Paddock, S. M.: Driving to Safety: How Majles? (2016).
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2.4.3 Conclusion on the Challenge of Releasing AD3+

The changing OuT reals a lack of knowledg®r the release of AD3#New and sp-

cial features, as discussedseaction2.3, have to be covered by testing. The pure test
driving and statistical evaluation economicallynot feasible as explainedn section
2.4. When shifting testing from reaborld driving to HiL and SiL, knowledge is lacking
on what to test. Additionallyhe validity of these otheest execution tools is uncertain
for the new testing task.

Thus, he challenge is that knowledge is missing on what to test, as wall la®w to

adapt existing tools. This challenge is special compared to other new technotsgies d
veloped in the past, because AD3+ covers special features by replacing the human
driver andhis or her high level of safetfolutions areneeded thatlose the lack of
knowledge in a reasonable manner.

2.5 Possible Approaches for Solving the Chal-
lenge of Testing

Q11 Is there no approachther than realworld drivingto solve the challenges of
testing?

As has been showAD3+ represents a ne@uT which, due to its properties, calls the
classic test concepts into questidwaptedapproaches are required to overcome the
testing challenge described: Accordingly, the next section will discuss why reusing
approved functions, and thus an evolutionary approach, seems necessary from the pe
spective of safety validation. After this, existing approaches that could speed up testing

Appt

will be discussedT he s e appr oac h eapprdacheandiherefdreexpléno d ay 6 s

the bestpossibleway to overcome thé@ pprovalTrapo. (Of course completenessan-
notbe claimed here.) Howevexs will be discussed in the l&&ction2.5.3 uncertainty
will still exist when proving safgtwith these approache$his motivates chaptes the
fiTheory StochastidModel for Safety Assessmerit .

2.5.1 Reusing Approved Functions

The first and simplest possibility obtaining the production release for a new system is
in reusing functions already released. If a system is used in the same way as before, a
release already issued canttansferred to future produ¢t& However, if the scope of

130150: DIS 26262: Road vehiclesunctional safety (2008), p. 3%art 8.
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functions is expanded, thisew functionmust be treated again; the smaller the new
involvedarea isthe less work is required.

Based on this argument, an evolution across all dimensions would seem to be a possible
approach for overcoming the testing challenge. Dimensiotigs case referfor exan-

ple, to the speed, the area of useat also thdevel of automation. A distinction can be

made between two perspectives in selecting the evolution steps: From the perspective of
a function developer, due to the reduced speed andntitedi access to the scene, the
Autobahnduring a traffic jam is a suitable starting scenario. From the perspective of the
previously presented statistical considerations, a meaningful starting scenario would be
one in which the human as a comparison grpegormsas badly as possibl#&hat is

making as many errors as possible. As many errors as possiiésponds tshort
distancs between accidenthuseasng the validationof safety>".

The revolutionary stef a fully-automatedvehicle without evolutinary intermediate

stepsi contradicts this approach and seems unlikefgith? uses thephrasedi s e-m

thing everywheredo and fAeverything suoemewhe
tionary approaches insamplified manner.

2.5.2 Speeding up Testing

Despitethe evolutionary approach, the safety of new functiaittough they are small,

still has to be validated. To speed this up, there are basically two adjustments that can be
made: Firstly, th&Vhatcan be changed, and secondly av. What test cases né¢o

be inspected, and how will these tests be performed? Schuldt*gtall. this the test

case generation and the test execution.

Test Case Generation

The test case generation defines the tests to be carried out. According to Schuldt et
al** the largenumber of influencing factorwith a widerangeof valuesresultsin a
conspicuous number of test cases. As already described, the systems currently in use are
based on the capability of humans and their options for @bng the vehicle. This

results in a stark reductioof test caseshat aretheoretically required. Therefore, a
metric exists that enables a conclusion about the safety without testing all the situations.
This reduction does not apply for higher autondatehicles, and therefore new ways

must be foundor reducing the nulmer of test cases fahese vehiclesDuring the test

13\Winner, H.: ADAS, Qudvadis? (2016).
132 5mith, B. W.: How Governments Can Brote Automated Driving (2016).
133 5chuldt, F. et al.: Effiziente systematische Testgenerierung (2013).
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case generation, the requirements for a test concept detbhid@dmust be considered.
In particular, the representativeness igsk when test cases are omitted.

The approaches from Glaunéf and Ecksteirt*® describe the identification of relevant

or critical situations in public road traffic. Based on previously defined event classes,
potential critical situations are identified thg the test drives or larggcale field std-

ies. These critical situations are incorporated into the test case generation, and less
critical situations can be omitted as a result. This reduction is based on the assumption
that situations that are lesstial are covered by critical situations. A task that remains
unsolved at present is the search for a valid measuwriioélity that enables an evalu

tion in the first step, and the selection of critical situations in the second step.

Another proceduréor reducing test cases is provided by Schuldt &t°aR generic test

case generation is proposed to cover factors influencing the safety ensured ts¢ the sy
temin a sufficient wayThis should use bladbox testing procedures acdmbinatory

and be lowredundancy and efficient. This approach is based on statistical c@asider
tions without knowledge and experience of the test object, but it still has the potential to
reduce the test cases requirétle remaining question for researctthe definition of
influencing factors.

The approach described by Tatar and M&Uss also suitable for blackox testing: an
optimization is used for the generation of test cases., it@@nput variables of a XiL
simulation are varied in such a way that the evaluatiortitmto be defined for the test

is optimized. Despite the challenge of the valid XiL simulation and the requirechevalu
tion function, this approach provides the option to focus the test cases on those evalua
ed as relevant.

A fourth theoretical approach i® use and test a safety concept using formahmet
0ds. Similar to the human assumed to be a monitor and a part of the safety concept of
current vehicles, a verified reliable safety concept could make testing the ovetall fun
tionality of the vehicle in & complete representativeness superfluous. This would make
a reduction of the test cases possibleeseapproaches stand or fall by the validity of

the formalized world as will be described below. Formalized verification actuatty co
bines the test casemgration with the test execution.

134 Glauner, P. et al.: Effiente Felderprobung von Fahrerassistenzsystemen (2012).

135 Eckstein, L.; Zlocki, A.: Combined Methods for an Effective Evaluation (2013).

136 Schuldt, F. et al.: Effiziente systematische Testgenerierung (2013).

137 Tatar, M.; MausgsJ.: Systematic Test and Validation of Complex Embedded Systems (2014).
138 Mitsch, S. et al.: Provably Safe Obstacle Avoidance (2013).
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Test Execution / Test Tool

Along with the possibility of reducing the test cases during the test case generation, the
test execution also has potential for speeding up the process. However, if we deviate
from real drivingand select another testing tool for the test execution, there is always an
attendant simplificationThis is described by means Béble 5. This tabledivides the
testing tools into nine classes which are differentiated basetiearegresentation of
vehicle ancenvironment. The passenger is assigned to the vehicle in this representation,
as he/she is situated in the vehicle and does not actively intervene anttmeated
driving.

Table5 Classification otesting tools for testing automated vehitigs

Environment
virtual | artificial real
- - -| -
virtual SiL _ . - -» valid
(D) : —5 .
5 e S economical
£ artificial v » T 1
= real | real
<+— driving

Real driving represents both the environment and the vehicle in reality. Accordingly,
during these tests there is the risk of real accidents and their consequences.iThe env
ronment is not controlled, and this results in test situations based on the randomness of
reality; accordingly, the reproducibility for complex situations with other roadsuse

not a given. This testing tool can be used, at the earliest, with the first roadworthty prot
types, and therefore occurs at the end of the development process.

An alternative is to test real vehicles in an artificial environment: This corresponds to
driving on a test grourtd’, as situations are created artificially on the one hand, and on
the other the Aroad userso are conscious
for the benefit of safety, variability, observabilignd reproducibilityFrom economic
perspectives, while the test cases are tested specifically and do not have to ibe exper
enced randomly as in real driving, setting up the test field requires additional time and
financial resources.

Additionally, an artificial vehicle coulagnove within a real environment; in this case,
artificial refers to equipping thautomatedsehicle with a supervisor, for example, that
has the option to intervene in the driving task. This could be a test driver with a steering

139\Wachenfeld, W.; Winner, H.: e Release of Autonomous Vehicles (2016).
190 5chéner, HP.; Hurich, W.: Testing with Coordinated Automated Vehicles (2016).
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wheel and pedals, or altatively a technical system that is superior to the series system
due to its more powerful (additional) sensors. If components are represented artificially,
the closeness to reality suffers, but gainscaeatedn terms of safety, reproducibility

and obsrvability.

Along with the option of creating the environment and the vehicle artificially, there are
tools that use a virtual representation in the form of computer simulatimweever,
strictly speakingthe two fields(gray) that combine real and viral do not existThis is

due to the fact thahe task of sensors and actuators i8 to r a nbeteen vatoal and

real signals. A real radar sensor cannot sense a virtual environment and a vrtual co
verter cannot create real voltage.

In contrastcombinations of artificial and virtual environments and vehielespossible

and do existExamples ottheseare provided by different concepts of vehitighe

loop (ViL)**. To close the loop made up of actions and reactions of the environment
and the vehile, real components are mapped in the simulation in the form of models.
Here either the sensors or aators mentioned are stimulatdthis meanghat they are
eitherartificially instigated (examples of this are simulatizaised videos as stimulation

for camera systems or dynamometers as stimulation for drive actuatadisjtdne
testing tools directly simulate the power signals, such as the electromagnetic wave, and
try to represent real effects of sensors and actuators in the simulation with tife aid
models. For more information on this, sdendrks*2 The use oflescribedmodels

calls the meaningfulness of these testing tools into question. To get valid results using
such models, it must be verified that these models do not contain any impemsmissibl
simplification; hereimpermissible is to be seémthe context of the functiort means

that deviations from reality are only permissible below the tolerances of the function.
However, if this validity has been verified, the testing tool enablesegrsdiety during

the test executiorDbjectsof the environment and the vehicle only encounter each other
in the virtual world. Due to the virtual components, these testing tools are distinguished
by greater variability, observabilitgnd reproducibilityFrom an economic perspective,

this testing tool has the advantageeafily varying the virtual environment or repr
serting the vehicle in a wide range of variants. An economic disadvantage could be the
validation of the models (see below). An advantaigthig testing tool is the option of
performing tests early the developmernthaseusingthe simulated vehicle

The last level of abstraction represents the combination of a virtual vehicle and the
virtual environment: The softwaiia-the-loop testing tol represents the closed control
loop by modeling relevant components in the simulafforin contrast to the previous

141Berg, G. et al.: Vehicle in the Loop (20180ck, T.: Vehicle in the Loojsimulation (2012).
1“2 Hendriks, F. et al.: Prescan and VeHIL (2010).
13 Hakuli, S.; Krug, M.: Virtual Integration in the Development Process (2016).
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2.5Possible Approaches for Solving the Challenge of Testing

testing tools, the entire testing world is virtual. The tests are safe, variable, observable
and reproducible; there is also the optidrusing this tool early on during the develo

ment. The economic advantage is provided by the hardware independence, as there is no
connection to real time any more. The execution of the tests is only limited bynthe co
puter power; simulations can be rurydand night, and also parallel on a large scale. On

the other hand, there is the necessary closeness to reality of the virtual test world, and
therefore of every individual model: Only when the validity of tisedmodels can be
verified, virtual testsare sufficiently conclusive for a production release. Accordingly,

for the economic consideration of simulatibased procedures, the validation of the
models must be considered above all.

The same challenge exists for the use of formal methods. Mitsefites in this co-

text: AWe do (é) prove that <collisions cal
to the model ). 0 This means that even for
models used determines the conclusiveness of the results. For examgrrticular

challenge that is therefore a focus of the research is the formalization of the ancertai

ties ofmachine perceptioar thebehaviorof other road users.

The discussiorof test execution antksting tools shows the potential to speed up the
testing. With the aid of the artificially created environment and vehicle, test cases can be
set up and executed specifically. Additionally, the virtual approach enables the tests to
bespedup and run in parallel, depending on the computer power used.

However, the discussion also shows that the validity of the tests, and therefore their
conclusiveness, presents a challenge when artificial and virtual componentsare intr
duced.

2.5.3 Conclusion on Possible Approaches to Overcome the Ap-
proval-Trap'®

All approachesntroduced abovare based on simplifications and assumptions to either
replace real parts of a test with artificial/virtual ones or neglect irrelevard- situ
tions/parameter combinations. These simplifications and assumput#onie invalid
when applied o®bject under TestQuT) assessment.

To avoid simplifications and assumptions that are not propedddrassessment, real
driving such as road testing is necessary. This tas&lriving is used for safety vald
tion of test tools and for safety validai of assumptions. The validation of tools for a

144 Mitsch, S. et al.: Provably Safe Obd&Avoidance (2013).

%5 The main content and wording of this subchapter is takenWahenfeld, W.; Winner, H.: The new
role of road testing. (2016), p. 41485.
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defined number of test cases seems possible. But again, who can tell whethercthe sele
tion met the necessary situations? Therefore, we come back to the challenge raised by
the statistical train of thoughtslow can we show that the tools and assumptions are
valid for OuT safety assessment?

An advantage for tool and assumption validation is thafutearget testing distance
doesnot need t oOub &his dgimplifie®e theacoumulationof tesény
distance Another factor that would reduce the hugemberof possible situations that

need to be covered for tool or assumption validation could be the independence of
different parameters of a situation. For example, properties of traffic modelsdare in
pendent of properties of radar sensor models and therefanet ci@ed to be modeled

and validated in combination. This independence doesxist for the validation of the

OuT as errors in real sensors lead to different behavior depending on thendurgou
traffic. A disadvantage is that even more things need to be validated. For example, the
behavior of other road participants needs to be reflected by the tool, at least to a certain
extent.

Until now, we have not seen any proof that the advantagegemlt the disadvantages
resulting inlower testing distancaecessary to be driven (no matter who collects the
stated amount). On the one side, the more components are replaced and the more cases
are neglected, the more validation effort for tools andraptians has to be made. On

the other side, the more cases are left for road testing, the more validationQafTthe

has to beperformedon the road. This seems to be a traffebetweenOuT validation

on the onéhandand tool validation foOuT validationon the othehand Additionally;

the long term perspective has to be considered as welaylbe that the first validation

of tools needs a higher effort as the road testing itself, but when validating another
version, vehicle type or new generation, tiverall effort could be reduced by orders of
magnitude. An example for that effort reduction is describeBainke et at*® for ESC
testing.

At this point a conclusion can be drawn: When pursuing approaches to replace or reduce
road testing, road tests still be of interest as these approaches need to be validated.
At least until now, iis unclear whethestherapproaches reduce the validation effort for
thefirst AD3+ generation

Of course, if a tool or an assumption is validated, its advantagepadential to n-
crease efficiency can be utilized. But up to that point, validation activities based on real
driving are and will be necessary.

The proof of safety of th©uT by simply road testing before SOP is economically
infeasible with statistical sigicance. For alternative approaches, it is at least uncertain

14°Baake, U. et al.: Testing and simulatibased validation of ESP systems for vans (2014).

58



2.5Possible Approaches for Solving the Challenge of Testing

if the required validation effort is reduced. Tool and assumption validation could equal
out the reduction o®uT validation.This leads to the conclusion that, from a statistical
perspectivethe first vehicles that will be introduced will not satisfy a safenproof of
comparablesafety. Thisconclusion is based on the assumption that the safetynbenc
mark leads to testing distances that are economically not tolerable.

This conclusionseemdo be an obstacle on the way to everyday automated drivinay.

state of the art does not deliver an approach to assess the safety of AD3+ in an-econom
cal way ahead of introductianConsequentlythe automotive researchommunity
should extend their reseld on safety assessment of higher automated driving: fun
tions!

To addresshe challengef bringing automated vehicles safely into markieis nece-
sary toconcentrate on twapproachesOne is themicroscopic and deterministic test
case approach.he dternatives to real test drivindescribed beforehandainly address
this microscopic approach. Bus #his first aproach will leaveuncetaintieson safety
when introducinghe firstAD3+, the second approach should exactly focugshase
uncertaintiesThus the secon@pproachs called themacroscopicand stochastic real
world driving approachit is importantto work on both approaches andtto see the
microscopic and deterministic test case approach as contradict¢ing macroscopic
and statisticreatworld driving approachBoth together are of great relevanaed
should be seen as complementapproacheso come to a solution for the raised kha
lenge.

For current researchregardingthe first, the microscopic deterministic test cage a
proach it is referredto two representativeublic funded projects:

 PEGASUS*": Project for EstablishingGenerally Accepted quality criteria, tools
and methods as well &cenarios AndGerman:Und) Situations for approval of
highly automated driving functions. ibduses on the test cases and their generation.
It is funded by the German Federal Ministry for Economic Affairs and Energy.
1 ENABLE-S3*% Europeaninitiative to ENABLE validation for highly automated
Safe andSecureSystems. It focuses on the test executod test tod It is funded
as a ECSEL Joint Undertaking.
The secondapproach, the macroscopand stochastic reaborld driving approach, is
addressed in this thesis the followingtwo chapterst h &hediy StochasticModel
for Safety Asssessmerit a n dApplicatien: Bata to Apply the Usage Stratédgcus
o n HoW Stochasticcan Help to Introduce Automated Drivilngin chapter5, the
fiConsequencesthe Safety Lifecycle oAD3+0 are discussed ana way to connect

147 hitp://pegasuprojekt.info/de/ accessed 002.2017

148 hitp://www.enables3.eu/accesse®1.02.2017
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both approaches is proposéithis proposal basesn the assumption that the test cases
used for assessment by the microscopic deterministic approach represent a aarain nu
ber of testistancan the stochastimacroscopi@pproach

60

Appr



3 Theory: Stochastic Model for Safety As-
sessment

Q12 How to usestochastido achievea safeusageof automated driving?

Holl6 et al. describe contributing factdmsroad safety®

The pyramid

model can be undexsd asa conceptual framework describing the

causalrelationships betweedifferent factors present in the road safety system, but it
does have certain limits.

ROAD RISK
REGULATION

CONTENT RISK

CONTEXT

REGIME

©® VEHICLES
©® USERS

NUMBER KILLED \\
¥ ' \ © ROADS

AND INJURED

SAFETY PERFORMANCE \&
INDICATORS

MEASURES, PROGRAMMES,
REGULATIONS, ACTIONS

ORGANIZATIONAL AND
FUNCTIONAL STRUCTURE

~ MANAGEMENT,
GOVERNANCE

g NORMS, VALUES

2.
PHYSICAL STRUCTURE ’\\‘(\

ROAD NETWORK TERRITORY ROAD TRAFFIC

Figure20 Road safety pyramid repmsation of road safety systéff

One limitation for explaining the occurrence of accidents isutigerling stochastic
process.Although | wouldput the pyramid shape in question, the genela& ofHolld

etal @igure20is of importance to understand the difference between a purely random
event and an event that underlies a staahgsocessDifferent factors contribute in
improvingor reducing road safety. Clear correlations have been shown begween-

ance actions or

road network changes and the safety outcome of road traffic. éNeverth

less numbers of killed or injured¢annotbe predicted in a deterministic way by these
contributing factors. One, 10, 106r even 1000 acciden{depending on the road sy
tem under observation and the severitgre or lesg€annotbe explained by a determi

19Holl6, P. et al.: Road safety performance indicators (2010), p.i 1143.
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istic model Therefore stochasticprocessesneed to be discussed wherg@ng about
road safety.

This chapter will first of all start to discuss thedationshipbetween accidents arstb-

chastic Thereforean engi neer 6s npnmesiaEged tdiend com ntdh @ st 0«

is discussedSecondy, section3.2 fiThe Occurrenceof Accidentsfollows a Poisson
Process takes a step back an disedabovibwatheordt h e
ical contemplationThe assumptions for using Poisson as well asliteeature about
different usagexamplesarediscussed

Up to this pointthe thesis discusswhether or not t@ssume a stochastic processl
which probability distributiorshould be usedFrom section3.2 on, the stochasticap-
proachusingthe Poisson process defined as the core assumption tlegiresentshe
basis for all further argumentations the state of the arthis core assumption has been
usedfor challenging tle safety of automated driving. To further develop the state of the
art, the next scientific step is madection3.3tries to falsify the hypothesis of a safe
AD3+. The result will be that neithenore nor less safety is ecomically provable
ahead of introductionSection3.4 draws the consequences and takes the next step to
refine the requirements. On top of these refined requiremi@dollowing two sec-
tions 3.5 and 3.6 define and examine an uncertaiitgsed usage strategy that might
pave the way for the introduction of AD3+.

The applicability of the strategyto further defined use cases frosubsectionl1.1 is
presented in the next chaptethat looks into existingiApplication: Data to Apply the
Usage Strategy .

3.1 The Meaning of nAccidento and nStochastico

Q13 Why should we think abostochatic when we think about accidents?

As my mother tongue is Germahe following concentrates on both languages German
andEnglish

Accidents

The origin of theword fiaccidend is reported in th©nline Etymology Dictionary”:

late 14c., "an occurrence, irdent, event,” from Old French accident (12c.), from
Latin accidentem (nominativaccidens), present participle of accidere "happen, fall
out, fall upon,” from ad"to" (see ad) + cadere "fall" (see case(n.1)). Meaning grew

0 Harper, D.: "accident". Online Etymology Dictionary.

62

Poi s s



31The Meaning of MfAAccident ¢

from "something that happens, awent,” to "something that happens by chance,”
then "mishap.” Philosophical sense "Ressential characteristic of a thing"” is late
14c. Meaning "unplanned child" is attested by 1932.

Different definitionsfort o d ay 6 s u s f@accidehd exish For the ase thdaythe
Cambridge dictionaronline™! says

somethingbad thathappens that is naxpected omtended and that oftelamages
something oinjures someone

In German accidefitnfall is defined byDuden onlin&>

Aden nor mal e nas pdrzlich unferbrecbenderev/orfall, ungewolltes E
eignis, bei dem Menschen verletzt oder

Both definitions define that an event where someone or something is damaged or i
jured could be an accident. Additionaltiie event needs to be not expected or mot i
tendedThis indicates a small chance that the event happens.

Stochastic

The or i gi n staclastid hasereportedlin the Online Etymology Dictie

ary™>>
1660s, "pertaining to conjecture," from Greekldtastikos "able to guess, conjeetu
ing," from stokhazesthai "to guess, aim at, conjecture," from stokhos "a guess, aim,
target, mark," literally "pointed stick set up for archers to shoot at," from PIE
*stoght, variant of root *stegh"to stick, prick; panted" (see sting (v.)). The sense of
"randomly determined" is from 1934, from German stochastik (1917).

Stochastidn its use todays definedby the Cambridge dictiongonline** as:
A stochastiprocess osystem i€onrected withrandomprobability
Duden onliné> explains the word stochasstbchastisch with:
vom Zufall abh&ngig

The definitions explain that a stochastic process is not deterministiharie events
that happn depend on some kind of randomné3ssere is the chance that an event
happens or not.

151 hitps://dictionary.cambridge.org/dictionary/english/accidertessed 24.09.2016
152 hitp://ww.duden.de/suchen/dudenonline/urdaitessed 24.09.2016

33 Harper, D.: "stochastic". Online Etymology Dictionary.

154 hitps://dictionary.cambridgorg/dictionary/english/stochasticcessed 24.09.2016
155 hitp://mww.duden.de/rechtschreibung/stochastmntessed 24.09.2016
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The Occurrence of Accidents as a Stochastic Process

The Cambridgeonline dictionary™® offerst he wo r d , dinangst othesas & O

synonymor r el at ed awsotridcTdiios dSisows ht hat the word
original meaningand its use ithe Englishlanguage is somehow connected to @ st
chastic process.

InterestinglytheGer man | anguage actider®wlchmearsiduwl r d fAper
Zufallo™’. Thustheconnecti on between faccidento and
eventalsoexistsin German Consequentlythe word accidenalreadynaturally leads to
stochastigrocesses

Looking back into the history of thse usage c
tico by @poplé Booka Ngram Niewtr, it seemdike theoccurrencef the

report and discussion of road accidents might have also stimulated the thoughts on
stochastic Figure 21 depicts that during ththirties and brties of the 2" centurythe

frequency of both strings increased
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Figure21 NormalizedGoogle Books Ngram Viewer ressithat charts frequency for the
twostrings found in Google's text ™orp

A possible conclusiarAn accident can be seen as a special stochastic process with low
probability and an unwanted outconi@&e followingsectionformalizes this conclusion.

15 hitps://dictionary.cambridge.org/dictionary/english/stochastic?a=bsitisbssed 24.09.2016
157 hitp://www.duden.de/rechtschreibung/per accidetessed 24.09.2016
158 hitps://books.google.com/ngranascesse 24.09.2016
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3.2The Occurrence of Awents follows a Poisson Process

3.2 The Occurrence of Accidents follows a Pois-
son Process

Q14 Why should accidemumbes follow the Poissoproces®

In section2.4 iiThe Challenge ofReleasingAD3+ for Production T fiApprovatTr a@ 0
the Poisson idtribution has shortly been motivated and usAd this is not a given
approach and subject to discussione step back will be takdar explanation Firstly;
theusages derivedby atheoreticalcontemplation Secondy, a glance will be givewon
the wsage of this distributiom other disciplines.

Haight®°, the author of the handbook of the Poisson distributieginshis chapter on
accidents with the sentence:

The Poisson process as binomi al I i mi t
Afacdent 6, as a completely fortuitous

The Poisson process as a basic but important examplestoclaastiqrocess takes an
important role in accident analy§{§ as we will see in the followingThe idea of the
following sectionis to understand why.

3.2.1 From a Bernoulli Experiment to the Poisson Process

In accordance t@n introduction intastochasticby Mittag™®*, the occurrenceof road

accidents will now be describéy a probability distribution that is derived step by step
Starting with a Bernoulli exgriment

Bernoulli experiment

First of all the limited observation or test of a traffic participaaistwo safetyout-
comesa Either an accidenb or no accidento, or more general an eveat or no
eventw . Thereforeit is assumedhat the observation or t€&bf the road participants is
a small part of real particigan in traffic like for examplé/Q pi . 3Qis a part of a
driven distancenot a piece of the street systehime word small in this case means that
within thistraveled distance@ot more than oneventwill take place From a theoretical
point of view the small part could converge tq®Q° 11, thusthe event could bseen

%9 Haight, F. A.: Handbook of the Poisson Distribution (1967), p. 103.

%0 Reichart, G.: Diss., Zuverlassigkeit beim Fiihren von Kraftfahrzeugen (2001),hei2Q R. et al.:
Angewandte Statistik (1992), p. 75ff.

181 Mittag, H-J.: Statistik: Eine Einfiihrung mit interaktiven Elementen (2014), p. 161 ff.
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3 Theory: Stochastic Model for Safety Assessment

as a Dirac impulsg Q. However, this iglescribé as a Bernoulli experimetuy equa-
tion (3-1) with the indicator variablé

p E&E AOAT O 31
n E&E 1IAOM O (1)
If the Bernoulli experiment is repeatédtimes for either the same or anotheaffic
participantQ pltf8 FE , a count variablé) can be written as

o

o  ©8 (3-2)

In equation(3-2) & are¢ independent indicator variables with the exped value
oW 1 (3-3)
and the variance
wd NOp n8 (3-4)

This expected valuequation(3-3) describes therobabilitythatan event occurduring
one observation. The variance for a Bernoulli experiment is just definedjumgtion
(3-4).

Binomial distribution

The distribution ofw is called Binomial distribution. The expected vali@® and the
variancew & of the Binomial distribution are

O * &£ (3-5)

ww ,0 €¢NQHOp N8 (3-6)
Up to this point, basics of statistic veedescribed The variableg andn will now be
used toagainconnect the statistical theory of Binomial distributions to readnts
When testing a vehicle far distance of2 , defined in kmthis would lead to
Q
yQ
observations. To get theharacteristiozalues describing the above defined distributions,
the probabilityr) for one of the outcomeso o needs to be defined. The probability
n o for aneventwithin this small part of realriving is estimated by the numbers of
existing evenstatistics. WherQ is the mmber ofeventsthat arerecordedduring one

yearAand¢ is the mmber ofparts thathave beerobservedduring the same year or
time spa in generalthe probability is calculated by

g (37
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- Q
n w é—8 (3-8)

The number of parts that have been observed can be calculateddistdheetraveled
by all relevant road participants dugi this year and the defin&Q by
Q
: — 3-9
© 3~’Q8 (39
Based orequatiors (3-8) and(3-9), we definethe referencesafetyperformance of the
objed under observation or tetdby:
wr PYQ
Yo ——8 (3'10)
n w
This performance describes theerageadistance that cabetraveled based on the firo
ability f} @ until oneevent('Q p) happensThe performance is synonymous with the
average distance between tementsfor the relatedbservation time spafVith the two
equationg3-7) and(3-10) describing the Bernoulli experimethe expectedalue(3-5)
and the variancg-6) of the Binomial distribution can be calculated

Q
0d £ —r 311
0G &¢I (3-11)
Q yQ
D G — — 3-12
WO E P w8 (312

As a discrete random variable is qast definedby its O @ andw & , the probability
distribution function of is necessary tbe defined. This function can be derived by
looking back to the Bernoulli experiment. The probability to experié@tines ®
before experiencing "Q timesw is a special Bernoulkeries ¢ M8 ho hio 8 fo .
Due to the ndependence of the experimentse probability results im p 1)

(see Mittag™). But as the order of the series is unimportant for the result ofuthe s

(3-2), there exist SQ other serieshat lead to the same result. Therefoine probability

functiond & "Q for the Binomal distribution is defined by
€ . A
b0 o P N Al'D miph8 h»:8 (3-13)
Tt AIAD OEA O
The cumulativedistribution functiofO'Q is defined by the sum
x €

00 s h p A 8 (3-14)
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Poisson distribution

As accidents are extremely rare events,'Paie the sense of the Binomial distribution
with the probabilityr) L 18t vandthe number of observatiords| o mthe Binomial
distribution can be approximated by the Poisson distribution

Or U (3-15)

5o o T[A O Tl g (3-16)
n  AIAJIIOEAO
For the approximatiofi® based om© it © HE Oy A 18@dbations(3-5) and
(3-6) lead to
Q

- g8 (3-17)
Figure22 illustrates an examplef the approximationin the four subplots¢ Q) is kept
constant whereas the number of trials increasedndthe probabilityr) is reduced. It
can be seen (Rrdbability DidributioR BuRdianpre merging whilee

increases

O wo &7

0.2 : : ] 0.13 : . : )
—Binomial # =30, p =0.25 Binomial 7= 150, p = 0.05
. R - T ' Poisson A=7.3 m 01F b e Poisson A =17.5
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0 0 .
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Figure22 Comparison of Binomialand PoissotProbability Distribution Fuo-
tions for highlighting the approximation

Although the Poisson distributiowas derivedas an approximation of the Binomial
distribution the necessary assumptions for using the Poisson distriargodiscussed
in the following For exampleFahrmeir et at®* state

182 Accord. toFahrmeir, L. et al.: Statistik (2007), p. 574.
183 Fahrmeir, L. et al.: Statistik (2007). 262.
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3.2The Occurrence of Accidents follows a Poisson Process

Two eventgannotoccur simultaneously.

The probability that amvent takes place during the small timerval Yois approx-
imately_ « &f w ds small enough the probability is small as well.

The probability for occurrence of a certain number of eventing a time interval
depends only on the lengibut not on itsabsoluteplace on the time scale.

The nunbers of events of two disjunctive timirvalsare independent.

Letdéds discuss what that means for the ass
Poisson proces$ahrmeis requirementsre basedn the time domain.The requie-

mentsaretransforned to thespatialdomain assuming an averagjgeed—. This ave-

age speed depends on e case that is examined and thus will vary. Nevertheless
both approacheftime andspatialdomain can be used to discuss thecurrenceof
accidents. For illustration reasorbis thesis examines thepatid domain meaning
accident rateseferringto distance as exposure

1 Can two accidentsccursimultaneously? Examining one vehiabaly one accident
can happen at one place. This results as it is unimportant if a collision with one or
two or more obstacless the cause for a damage/injury. The worst outcome
i ¢ o u MVhesm examining moréhanone vehiclethese other vehicles also had to
travel a certain di sWhenfteer awi nfigroe adchhed d rhi
tances of all examined vehicles on a \aitline (seeFigure 23) and marking the
accidents on that linghese accidents will ndtappenat the samebservationn-
terval thus not simultaneously

0 Ad dtexr

3 3k 3k 3K H 3 ¥ J3k |
Wl " x x ) ) *x 1

Figure23 Driven distances lined up and accidents marked

1 When the examined distandecreases, dodise probability for an accehtbecome
small? Before answering this questiotne word small needs to be definddke
stated abov8%fismal | © in the sense of Pod-sson n
mated driving will be compared in some way with tamdriven vehicleghe prd-
ability of occurrenceof an eventshould beorders of magnitudemallerthan 5 %
permeter Consequentlythe probability for an accident can be assumed as small.
1 Does the probability for occurrence of a certain number of atisdenly depend
on the examined distan@nd not on thabsolutepositior? This cannot be stated
without limitations. In road trafficthere exist temporal and spatial accident hot
spots.On one hangt does not change the general validity of Poissonssits le-

164 (translated from Germatahrmeir, L. et al.: Statistik (2007), p. 262.
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cause the totahumberof events can be seen as a soiitsub Poisson processes
with different propertiesOn the other handhe travel distancehat istakenunder
consideratiomeed to be r@resentativecovering these spatial and temposgae-
cialties That means that exactly this question raises the requirements for tests and
latter introduction The testdistanceshould not onlybe representative the usage
kilometer. To fulfill Poisson process requiremergiements of the totalistance
shauld be representativie each other
1 Are the numbers oéccidents independent from each othdren looking attwo
different interval® This question cannot kensweredylobaly for AD. What is &-
sumed for the thesis is that every road participantdrivBsg® o d 6 as he or sh
is able to. When this is the case, théividual numbers may change badid notde-
pend on each othand equal out the chang&specially for AD this question co-
nects with the question whether an AD learns, thus is adaptalet.Because
then one accident might reduce the chance for the next one andFar ¢ime first
introduction it is assumedhat AD3+ doesiot change over tint&. Additionally, it
is assumed that there is a process that generates rare events that wilkne i r u n
emptyo.
Whetherthe four requirements to apply the Poisson distribution on accident numbers
are completelyfulfilled is objectof discussionNeverthelessthe Poisson distribution
enables the easiest and thus first approach to describe theauntgert accident counts.
Other stochastiprocessesor discrete events base ah leastone parameteor more
The problemwith applying these othestochastiqprocesse$®efore observing AB+ in
real trafficis not knowng their parametex The nextsecton sums up howthe Poisson
processs usedin literature

3.2.2 Literature on the use of the Poisson distribution for acci-
dent counts

History

The Poisson assumption has a long history in accident re§8afshHauet®® assimes
the first useof the Poisson distribution to model accident numbers was done by von
Bortkiewitczin 1898. Hauéf® writes:

85 \Wachenfeld, W.; Winner, H.: Do Autonomous Vehicles Learn? (2016).

1% Haight, F. A.: Handbook of the Poisson Distrilomi(1967), Gerlough, D. L.; Schuhl, A.: Use of
Poisson Distribution in Highway Traffic (58). Lee, J.; Mannering, F.: Impact of roadside features
on accidents (2002)Chin, H. C.; Quddus, M. A.: Random effect negative binomial model to examine
traffic accident (2003)Hauer, E.: Regressidviodeling in Road Safety (2015), p. 205.
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3.2The Occurrence of Accidents follows a Poisson Process

[von Bortkiewitc?’] had data about the number of deaths by héis& in ten Pris-
sian army cops over¢ Tyears. When comparing the number of years wWiifE v
deaths to the number predicted by the Poisson distribution the fit was remarkably
good.

The Poisson Theorem for Accident Counts®®

A good starting point for a discussion on the basic cotscefroad accident stas-

tics is the work by Poisson (EIVR Feller'™), who investigated the properties of
binomial (Bernoulli)trials, i.e. trials with two possible outcomes: success or failure.

Modern versions of this standard theorem (in many textbdaksFeller™:
Shorack™) do not require the probability of eadtial to be the same, and state that

under reasonable conditiorike probability distribution of the sufiy of all succes-

ful trials would tend to a Poisson probability distribution. Felférc onc | Wed e s 6
conclude that for large n and moderate valoés 1 E 1 the distritu-

tion of Y can be approximated iy Pois o n  d i s tTheifobowihg rem@arksan

the context of road safety reseastiould also be taken into account:

The trials should be considered as situations that may resoit@raccident.

The results indicated above mean that the number of acciéhbe approximagly
Poisson distributed given the numbettrails n and their nature reflected in thelva
uesn) B I . This isdetailed information on exposure.

This result is relevant to the distribution of the number of accidantshe number
of victims or other outcomes of accidef@scept being an accident).

It is assumed that the outcomes of thengs are independent.ritay be a good idea
to further research this aspect.

Only registered accidents exceeding a certain level of severitysarally cong-
ered. This would yield that the relevanv@luewould be:G small probability of e-
sulting inan accident with @ertan s ever ity and being regi st

167 Bortkiewicz, L. von: Das Gesetz der kleinen Zahlen (1898).

'8 This whole subchapter (one page) is taken fRapadimitriou, E. et al.: Safety performamsses-
ment in Europe (2013), p. 372.

9 Elvik, R.: Traffic safety (2004).

0 Feller, W.: An introduction to probability theory (1968).

"L shorack, G. R.: Probability for statisticians (2000).

172 Feller, W.: An introduction to probability theory (1968), p. 282.
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3 Theory: Stochastic Model for Safety Assessment

The registration system cannot be saturated by the acqmleogss (e.g. limitedg
lice resource allocation to less severe accidevitsld have an effect on the applic
bility of the theorenabove)

Note that although these results suggests that the numbecidints should be
tributed according to a Poisson distribution, practice, the distribution of accident
counts will never be exacthyccording to a Poisson distribution, if only due het
limited numbeof trials on which it is based. If a count is based on a high nuiber
trials (e.g. annual national counts), it is likely that for all practigalrposes the
count follows a Poisson distribution. However, camast be taken when the aaku
number of trials is rather low (Loret al **).

In practice, variants of the Poisson distribution are commasbd in the analysis of
road safety count data, see for instance Letrdl"®and the references therein.

Other Disciplines using the Poisson distribution

The Poisson distribution in general was introdd€Hay Simone Denis Poisson in 1837.
Since then it is used in different disciplines for explaining, predictiod studying the
occurrence of different eventfo get an idea of the different application disciplirees
list of applicationsrom Haights’® andLetkowski"®is given:

The number of mutations on a given strand of DNA per time unit
The number of bankruptcies that are filed in a month

The number of arrivia at a car wash in one hour

The number of network failures per day

For reliability analysis in general the instants of breakdown

The distribution of plants and animals in space or time

The sampling of bacteria per square

The number oflefecedteeth peindividud

The number of victims of specific diseases

The number o€ars passig a point in a fixed time interval

The physical aspects of particle counting

173 ord, D. et al.: Regression models of motor vehicle crashes (2005), p. 36 ff.

" Haight, F. A.: Handbook of the Poisson Distribution (1967), p. 113.

5 Haight, F. A.: Handbook of the Poisson Distribution (1967), pi 100.

176 |_etkowski, J.: Developing Poisson probability distriion applications (2014), p. 3.
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Of special interest for discussitige usage oAD3+ is the identification of individual
humans thaaremoreor less safe compared to other human dsivaem idea would be to
replace thoséy automated vehiclabat reduce the safety in road traffic most. Hewe

er, based on the Poisson distributidrosler’” and Grindi’® argue that a selection of
individuals being bad drivers is not possible. The reason for that is the same that leads
tot h ApprovatTrapd . T her e wi ldistanocemné petsan coeld drivegntis
lifetime to prove he or she is a bad driver (given the fact, that the person isdattowe
keep its driver license). This is different when looking for groups of people that might
result in lower road safety valuds. averagedifferent™YOlevel can be defined givem

certain ageexperienceor other characteristits. Thus the question migharise i Wh y
should these notbéér i ven by an aAdquickramsiee wouldiaeeieerc | e ? 0

OBecause the aut omattehdi sv edri acu @andher ghfedgsps| es.ad

of AD3+ be shown? At thipoint, the next scientific questioneeds to be answerég
applying the Poisson distributon Al s t he aut o mahandhe worse hi c |
group of people?o

3.3 Falsifying the Safety Hypothesis

Q15 If we cannot preesafety, isautomated drivinginsafether?

As presentedn chapter2, t o d ditgrétwée®® concludes that the scientific statistical
proof of safety of automated vehicles is economically feasible before the mass
introduction of automated vehicléBhese conclusions are made on the Poisson distrib
tion explained befordf an economic benefit is aimed fdnundredsof millions or even
billions of miles spehon testing in real traffido notseem apgpriate.Additionally, it
was shown that alternative testing approaches alskitamkledgefor application.Does

it then meanwe should stop developing and never introduce automated driving?

No, because the nature of the statistical proof of safetyeisattempt to reduce the
uncertainty. When we want fmove safety we raise the requirements to a level @f-si
nificance. By raising the requiremspnive also increase the chance to reject a safe
system. When counting for example two eveffls ¢ duringanobserved te€fQ

the statement on proven safety depends on the reqewetddf significance. Using an

Y7 Drésler, J.: Zur Methodik der Verkehrspsypibgie (1965), p. 258 ff.
8 Griindl, M.: Diss., Fehlverhalten als Ursache von Verkehrsunfallen (2005); 19.15
"9 Maycock, G.; Lockwood, C. R.: The accident liability of Britisdr drivers (1993).

180 winner, H.: Quo vadis, FAS? (2015\Vachenfeld, W.; Winner, H.: The Release of Autonomous
Vehicles (2016), p. 44@l47, Becker, J.: Toward Fully Automated Driving (2014), p.,Xalra, N.;
Paddock, S. M.: Dving to Safety: How Many Miles? (2016).
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3 Theory: Stochastic Model for Safety Assessment

error probabilityQ p b, a distance factor ab m yg& is necessary for proving safety

(Q ). Whereas usin@ v 1P, a distance factorfanly ¢ m¢#® xresults as being
necessary to prove saf&ty Both are statistically righ@lthough the second has the

same meaningfulness as guessing whether the vehicle is as safe as the reference or not.
However using the first level of significaecthere is a good chandte reject the safe
automated vehicldy mistake Figure 24 illustrateshow the necessary distance factor

for the proof of being safer depends on pinebability of errorQ

15 ;
BBl e<1%
13 SN§de<5%
Elce<10%
“.4..4.. e <25 %
SASEeRN G747 ¢ < 50 %
NSNS
9 ..'....'.’,. . e <75 %
L = e <95 %

d

e>95 %

Distance factor a
N |

0 1 2 3 4 5 6
Number of counted events &
Figure24 Distance factotd as a function of the probability of err@and th
number of counted eventor the proof of being better tha

Consequentlythe reseait question needs to be extendedtudy the falsificationWe
should not only aski Wen have we proven saf@tybut we should also ask Wien
have we proven the automated vehidebeunsafé@ 0As the proof of being less safe
can be answered based on saene theorasthe questioron the proof of more safety
has been answered, this theory will shortly be recapitdftaa represent the distrib
tion of accidentevents, wepplythe Poisson distributidf’ from equatior(2-1):

5 T’Q ;. A
v T

This distribution assumes that the occurrence oéwaentis an independent and non
exhaustive randonprocessd Q. In the equation/Qcorresponds to the number of

181 Usually an error probability d® p o is used.

182 This short explanation is mainly taken frakfachenfeld, W.; Winner, H.: The new role of road-tes
ing. (2016).

183 Nicholson, A.; Wong, Y-D.: Are accidents poisson distributed? (1993).; Griindl, M.: Diss., Fehlve
halten als Ursache von Verkehrsunféllen (2005)
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3.3 Falsifying he Safety Hypothesis

events and_ to the expected value with which ex® occur The expected valug is
defined by the quotietike equation(2-2) formalizes
Q

= YD
wherebyQ stands for the observed teistanceand"Y Ufor the safetyperformance of
the system. The penfimancerepresents the expected number of kilometers betiveen
eventsof the same kindlt is assumed that a certain number of kilomefers were
driven and a number of evei®  occurred. Can we now define a worse and a better
performancdevel "Y0from this test? Equatien(2-1) and (2-2) connect this with the
search of an expected valueBased on a probability of error vafi&Q that is the

same for both proof@ Q 'Q | thequestions can be mathematically formulated
with two equationsSection2.42 already discussesjuation(2-3)

0 Q© Q 08

This equationasks for which_ the probability thatQ or less events happened is at
mostQ . In this casea numerical searcff® for equation(2-4) provides thevalue _ .
This saysthat when'Q eventsoccuraftera distance of2 it is statistically prova
with a probability ofQ that the vehicle i®etterin terms of safety compared to arpe

formance level of YO ——. To prove that theOuT is betterthan the benchmark
Y , the testQ  has to coer a multiple @ ) of the distancethat lies between
two eventsQ ® £ for the benchmark. Thus

What has notyet been discussed ihe proof ofbeingunsafe expressed bgquation
(3-18)

0 Q Q Q8 (3-18)

For which expected number is the probability to have at lea§t events counted
less than or equal f@ ?A function_ Q  HQ is defned as the maximum solution of
the numerical search for

0 0 10 P %\A p 0 Q0 p Q (319

Exemplary results for the determigiexpected value are found in tables in appendix
A. This saysthat whenQ eventsoccurafteradistanceQ , it is statistically pre-

184 The value (3%, 1%, 0.1% etc.) that is taken needs further considerations but is just one variable in
that theory.

Tabular values or approximations exist rbut arenot
formed in any calculationtoollk Excel E or Matl abE for exampl e.
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3 Theory: Stochastic Model for Safety Assessment

en with error probabilityQ that the vehicle isvorsein terms of afety compared to a

performance level 6Y0 —.

e>95%
S e<95%
B e<75%
O WX e<50%
o c <25 %
Elcec<10%

|| s e<5%

B e <1%

11r

Distance factor a 4

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

Figure25 Distance factotd as a function ofhe probability of errof and
number of counted event&for the proof of being worse th&w

Figure 25 depicts this connection betweerror probability number of counted events
and the distance factor. When for example two events occufed ( ¢), one can

conclude that the vehicle is less stfan™ if the distancetested is smaller than
@ M1 uimes the referencen an error probabilityQ pbh.If® Mp& yimes
the referencethe proof is giverfor an error prolability ‘Q v TP . It makes sense

that theareasflipped aroundfrom Figure 24 to Figure 25 as for provinghigher safety

we need lesdistancevhen reducing the level of significance and for provegssafety

the other wayaround Notice that at least one accident needs to be counted before one
can state that the system is worse than anything else. That is the reason why the plot in
Figure 25 starts atQ p. Figure 24 can be converted intBigure 25 by shifting the

values for one event and calculati@g p Q.
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3.3 Falsifying the Safety Hypothesis

-Proven worse then 4 =0.36
[:lPruven better then )\ = 6.30

2 event 2 event

(=] =]
=] co
T

=1
'

Frobability PDF
Cumulated probabkility CDF

(=]
[y~

0 ? 4 6 8 10 0 2 4 6 8 10
Number of events k Number of events k
Figure26 PDF and CDF for an example 6f ¢ andQ (0]

For better understanding of the difference between equdfe3)sand(3-18), Figure26
illustrates an exampléor 'Q ¢ andQ v b, the resulting PDF and CDF plots
are presentedthe lightopenbars forthe provenbeingbetter_ andthe darkclosed
bars forthe pravenbeingworse _ .

Consequentlythere exists annterval of uncertaintyin-betweenproving safety and

proving less safety. et 6s assume t hat the performanc
"YO YO . Soaftera distance ofY0 , one of therelevant events should happen

in statistical averageNow we want to introduce th@uT after it was tested fatistance

Q @ JYD (3-20)

and Q evens occurred.The necessaryistance factoro descriles the ratio le-
tween thetestdistanceand thebenchmarkFrom equation(3-18), it is knownthat the
performance level of th@uT"Y0 is equal or worse

~ Q

Yu —38 (3-21)

Combining both equatiof8-20) and(3-21), the performance level of tl@uTis

o ® JYL
Yoo ———8 (3-22)

Equation(3-22) tells us that theOuT is worse than— times the benchmark. On the
otherhand it only saysthat the vehicle is better than

o ® JYO

YO —3 (3-23
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3 Theory: Stochastic Model for Safety Assessment

With this testit camot be proven thatthe OuTis less safe than- times the benchmark,

and on the othenandit is only proventhatthe OuTis safer than a— times worse sy
tem

@ JYL . @ JYU
- Yy —— 3 (3-24)

To illustrate how either theumberof events or théestingdistanceneed to change to
come to a statemeriioth Figure24 andFigure25 can be combined iRigure27.

15y

| == ¢ <5 % proven better

| I e < 10 % proven better
13} uncertain

| @4 ¢ < 10 % proven wors

! B ¢ <5 % proven worse

11 &2 ¢ <1 % proven worse |HE
V

O

Distance factor a J

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

Figure27 Distance factoto as a function ofhe probaility of errorQand number of
counted event®for comparison of proving better or worse.

For the proof of being safer h ApprivatTrapd e x pl ai ns wheasonsor econ
we will stay ahead of introduction in the whiteeaof Figure27. The same will result

for the proof of less safety assuming ") beingc ompar abl e wiht h today:
mark.f we canot prove it i s:Whyesbald thimdystemtihdi an t he

be introduced intdraffic? If we just know that it is safer than—atimes worse system
Why should we takéne risk to introduce the system?

These questionwiill only be answered when ttdfferent positions of the affected
parties as describedin section1.3 fiSocietal Risk Constellatian are discussedrhe
party that is affected negatively would argue &fety has not been provethusdo not
expose us to that risk and prevent ititeoduction ofthe vehicléo The partythat profits
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3.4Requirements Refinement

from the technology would argud N one has proven less safdatyusdo notwithhold
us from the benefits andtroduce the vehicle!

On the one handhe uselis the one that will profit in fist place. Thughe question is:
Will usergtolerate a techrlogy that is not safety proven and usesitang asno onehas
provenless safety®n the othehand the bystanders would be thiest thatare mostly
negatively affecteds there avay these bystandersalled societycould be convinced
to accept the uncertainty of the not yet been given proof of 8afety

It has been showthat the proof of safety economicallynot possiblaup to the point of
mass introduction but the proof lelsssafety is also pendin@bviously it is necessary
to refine the requirementhe nextsectionwill elaborate on the idea to spénd refine
the requirements depending on the affected parties.

3.4 Requirements Refinement

Q16 Whichsafetyleveldo humans require before using automated vehicles?
Q17 Whichsafetyleveldoes society require toleratethe use of automated vehicles?

Two sources ofequiremerg have beendentified on the safety assessmentAid3+.

On the onehand the individual of society as the disadvantaged perscoould ask for

the proof of higher safety c¢compleuserglast o t o«
the beneficiaries oftdomated drivingcould askfor the proof of less safety if someone

wants to prohibit the introduction of automated driving.

Unfortunately noneof both attemptstaking a statistical proof under considerationil
succeed. Theconomis constraints togéer withan assumetevel of safety will avoid
the verification of any of both requirememisfore the mass introduction

Consequentlywhen both requirementsa n 6t b ,ethe fequirdmenitsineed to be
refined to make them verifiabl€herefore this chapter will propose theo-calledii sea f
ty de,ffirstly forahe o s eperspéctive and secondly for the sogiépgrspective.
Be aware thanheitherthis thesisnor respective researcdctivities can define requa-
mentswhich society and users wouldcceptoffhandedly®®. Neverthelessmy unde-
standing is toconcretize,formalize and propose refined requiremerads this seems
necessary for auccessiveonstructivefollow up discussion.

18 A more detailed discussion on the subjective versus objective persception of risks can be found in
Fritzsche, A. F.: Wie sicher leben wir? (1986).
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3 Theory: Stochastic Model for Safety Assessment

34.1UserstiSaf ety Detectoro

Freewill is the gateway to discuss tree@r s®& requi r e me Mtdiscoss safety.
es the difference of acceptable and inacceptable individual fatality nepiksted in
literature,illustrated in Figure 28. Among other topigsFritzsche highlightghat those

humanstaking risks voluntarily may accept risk levels they would never accept for

work or, in generalinvoluntarily.

Users of automated vehicles can be seen as taking these risks resulting from usage on
free will. Consequdty, the requirement from users orethafety of awimated vehicles
depends on her his individual weighting. The requirement on safety assessment from
auser 0s piseconslydedo beithe peetbr transparency that he or she is able to
weight responsibly. Objective numbers are nesapsfor the user to come up with
subjective conclusion.

individual fatality risk per year
10710 107 108 1077 10 107 104 1073 1072

> ; large-scale technology

e involuntary »
— business-related I#

voluntary |

VVVl

acceptable unacceptable

Figure28 Properties affecting the aegtable individual fatality risk
(translated}®’

Two exemplaryobjectivenumbersarestated

1 Thesafetyperformance levetstimation inbest and worstcase. This followdrom
equation(3-24). After testing the veldle, the values for_ h_ ko are known and
Y0 is derived from given statisticthusthe best and worstcase can be cale
lated

YO i YO YD i 8 (3-25)

As already discussetl hi s number hdegee af freedqnd the ptod- o n a | f
ability of errorQ

187 Steininger, U.; Wech, L.: Wie sicher ist sicher genug? (2@8)densed information froffritzsche,
A. F.: Wie sicher leben wir? (1986).
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To avoid this number as a degree of freedanother error probabilitgan be used
as the objective number itséffee next)

1 A less intuitive butalsoexpressive nundy is teerror probabilityestimationQ
for the proof ofbeingsafer as denchmarkThis follows equatior2-3). After ted-

ing the vehiclethe values forQ are known and is derived from given
statistts and the distanakiven expressed by the distarfaetor
0 EoRNo) Q 8 (3-26)

Additionally, the error probabilityestimationQ  for the proof ofbeingless safe
as a reference can be givendnaptingequation(3-18)

0 Q0 Q 8 (3-27)

The only degree of freedom with equati¢826) and (3-27) is thebenchmarkhat

IS used for deriving. . Differentbenchmarksan be used as long as their risk
can be expressash the samescaleas theOuT risk. Take for example theafety
performancéY dusing a motdsike.

Obviously by changing the requirements from proving safety to producing tramspare

cy, the userérole in safety assessment of automated vehicles has changed. The users are
not anymore treated as ohemogeneougroup but rather as many individuaBach of

the individuals haso weight based on objective informatipwhetherit want to use

the automated vehicle or not.

The stricterrequirement on the safety assessment of automated vededsiblyresults
from the dsadvantaged persofthe socigy) and will be explained in the neséction

342SocieiASpwd ety Detectoro

It is assumed thatosiety will not be satisfied with transparency for the assessment
processf the safety outcome of automated drivowuld lower safety. Thiss relatedo

the kenefit and drawback share for society. Road traffic participants are only hardly able
to avoid automated vehicles total. That is one of the big differences comparetht®
userof the vehicleslt is an involuntay change in their risk constellation. 0% it seems
necessary to prove thay the introduction of automated vehicles the safety outcome of
road traffic forsociety ortheindividual of thesociety will not changer only change in

an acceptable manndiherefore we will first lay out some tharetical thoughts on the
safety detector fathe society and secohgdderive oneexemplarydetector.
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3 Theory: Stochastic Model for Safety Assessment

Theoretical Thoughts

Hauerstateson the problem of road safefy:

Thus, in the context of heatryick safety, the question does not seem to be whether
somekind of truck is overepresented, nor whether the accident rate of one type is
larger than that of another type. Any interest which we might have in characteristic

accident rates wil |l derive from questions
numberand severity of accidents if the use of a certain kind or size of vehidle is a
| owed?0

As explained in sectiod.4.], the social as well as thiedividual safety for society
dependon theabsolutenumber of injuriesQ If it is not possible to prove safety using
the safety performancey ddimension of thehreedimensionafoad safety problerfsee
againFigurel2), another dimension has to @ddressetb come to a proadf safetyfor
scciety. This could either be the exposure expressed by the distance @avehe ratio
of injuriesper accidentOr). 0

On the one hand, ithout reducing the velocityk{netic energy) of the OuT in compar

son to the benchmark use casseems imposble to reduce thamjury per accident rate
significantly. And even then th®§ can only reduce to 1, thus only offers a minimal
improvementpotential compared to the value derived for 201§  p& . If the
velocity is reducd strongerit would mostly change the use case and thus the reference.
On the other handy limiting the distanc& that isdriven with the new technol

gy, thus limiting the exposure of the society, the risk for society can be controlldd signi
icantly. Generaly spoken this followshe idea of thdinding of Paracelsu$®in chems-

try:

Alle Dinge sind Gift, und nichts ist ohne Gift; allein die dosis machts, daf3 ein Ding
kein Gift sei

Translated™

All things are poisonous and nothing is without poison; onlyditee makes a thing
not poisonous.

The questiorto answelfor road traffic safetys: What is theacceptablelose of AD3+
vehicles withinlf Qo dyasytilesdistanceaddventof vaHicles vatt?
lower levels of automation an@ the distance of AD3+ vehicles in automated

18 Hauer, E.: On exposure and accident rate (1995).
89 paracelsus, T.: Septem Defensiones (1538), p. 73.
1% Ottoboni, M. A.: The dose makes the poison (1991).
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mode, the question is expressed byrigat size of thevalue forQ . If assuming
an unchanged injury per adent ratio

on oAl 1800 (3-28)
as well as an unchanged total number of distance doyeafi vehiclesogether
QN 5 Q 5 Qf AT1800 (3-29

the questioron road traffic safetmarrows down to thehange imumbes of accidents
due toQ . The discussion ishviousfor the Vision Zero example. If no accidents
occur the highest safety for society has been reached in road.ti&dfiaf the number

of accidents with fatalities or other severmfgsses s n 0 (tthe questiom is what mo+

ber expresses no or positive change in adtyfor society An obvious conclusion is
thatthe lower the accident number with respect to sgves, the higher the safety for
society®>. When checking the time series of accident numfmera traffic system with
defined boundarieyou will not find monotonic figures. Accordinglglso higher nm-
bers within a limited range ateleratedby sociey as long as a trend leatigher or
equalsafety.Some kind of noise that is influenced by surrounding factors and not only
by theskills of the singledriven vehiclechangs the accident numbers. Consequently
higher accident numbers canmltectly be inked with less safe single vehicl&sr this
reasonth e soci etyods saf ety Thes tletectdr bmit represents a
thelowest change in numbers which can be interpreted as higher, tower change in
safety.

Thus, s o cemerttiydeftnedmaguilrong as saf etbwthehas
safety performanc&/() a proof has to be given that the expected accident numbers will
staybelowa toleratedimitfors o c i ®d fy@étsy 0

One exemplary Detector

A detector limit is deducetiased on the example Figure 29. Each year, a discrete
number of eventsvas recorded. Over the yesmrthe number decreased following a
certain monotonic trend. This trend is not given but can be fitted byxéon@e, a least
square approximation of a suitable mathematical function likeear function'®"Q .

1 For these conclusions and theatye system boarders of evaluatidmnotchangeGermany is an
example where this has to be taken into account as accident numbers cover after the reunification also
the numbers of thiermer German Democratic Republ{GDR/DDR).

9270 o0 wwe
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3 Theory: Stochastic Model for Safety Assessment

Other ways of timeseries analysis may be applied like discussed in Bétggat and
Zukowskd®,

% 1200 recorded events
]
> 1000 +
g \ —Linear (recorded
£ 800 \ events)
5 N |
g 600 ~
> 400 \——
(<))
Q
g 200
= 0
0 5 10 15 20 25
Yeary

Figure29: Number of events recorded for 23 years andditia linear equation

As a simplification the fittingis done forthis example by the (red/solid) line (sE&-
ure29). All points differ from the trend line. These deviations are still independent from
thetechnology we want to introducé&his fact leads to the question: How does the next
number of recorded eventssto differ from the values in the past, fitted by the trend
line, to be sure that it was affected negatively?

To propose one answethe standard deviation of these events compared to the trend
lineis derived

., —B T QO wa (3-30)

In this equation() is the number of years ard is the number of events recorded in
yeara w is the first year obvaluationandw  the last yearWe now define that

~

0 QW p 0 (3-31)

is indistinguishablerom the trend linefor society 'Q — expresseghe indistn-

guishablelimit of numbes of eventsfor the safety detectorhis change in numbers

I times smaller than the standard deviation and therefore disappears in the noise of
numbers each year. There is actually no way to prove or detect that the tréadtexlaf
negatively as the number is too small and lies below the limit of detection.

Other approaches exist to define these lidatsexample for clinical laboratory mga
urements The Clinical and Laboratory Standards Institute (CL&Bs published a

193 BergetHayat, R.; Zukowska, J.: Review of tirseries analysis (2015), p. 6%b4.
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guiddine EP17°*where theLimit of Blank (LoB), Limit of Detection (LoD), and Limit
of Quantitation (LoQ)is derived from the Nrmal distribution. Based on this
Armbruster and Pry specif™

LoB is the highest apparent analyte concentration expected to bé ¥duen reph
cates of a blank sample containingarmalyte are tested.

DEO aQH PH T Y
LoD is the lowest analyte concentration likely to be reliably distinguished from the
LoB and at which detection is feasible. Laldetermined by utilising both the rsea

ured LoB and test replicates of a sample known to contain a low concentration of
analyte.

DEO 0DED pHT Y
LoQ is the lowest concentration at which the atelyan not only be reliably detec

ed but at which some predefined gofals bias and imprecision are met. The LoQ
may be equivalent to the LoD or it could be at a much higher concentration.

The number of 1.645 corresponads95 % cumulative probability othe Normal disir
bution'®®. It should behighlightedthat ford ¢ @ndi ¢ ‘@so a repetition rate isae
ommendet’™:

A recommended practical numbmrLoB and LoD samples to be used by a manufa
turer to establish these parameters is 60, while a laboratory verifyingaaufactu-
¢ 6s LoD (and possibly the LoB) is 20.

Accident numbers may change in future, probably due to the introduction and use of
automated driving. Consequently, the standard deviatight alsobe derived aatime
variant parameterNeverthelessthe limit proposed abovés seenas a simplified first
versionthat is used in the following.

Coming from two regirements thataneconomically nobe metahead of introductign

this section3.4 derived two refined requirements. These psgubrequirements reflect

the different societal risk constellations of users and sodiéig. analysisled to less
ambitious requirements that still could reflect the safety needs of the different affected
parties.The nextsection3.5will lay out a strategy that aims folfill both requirements
derived aboveThe sociey 6requirement suggests widen the scopeof safety asseas

ment extendingthe testing phasend planningthe introduction That is becauséhe

s o c i sdetydetector works on numbeifer the next year ofeatworld application.

Thus the following strategydescribs the test, introduction and supervisiorof aub-

mated vehiclebased on estimated uncertainties.

1% piersonPerry, J. F. et al.: Detection capability for clinical laboratory measurement (2012).
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3 Theory: Stochastic Model for Safety Assessment

3.5 Uncertainty-Based Usage Strategy

Q18 How canusesobands o c i safetyrégsirementsefulfilled?

The main g@al of this concepts to describe a way how totroduce automated driving
andfulfill the user® a n d ssadetyirequirgments

On top of thait seems reasonable that during usage thdreeowme the point in timet

which a statisticalproof of safety or less safety is achievafile ). How shouldthen be

continued with the introduction of new vehiclegther human or automated driveln?

should be noticed that the requiremedésived abovedo not vanish when automated

vehicles have been introduced. Consequenslylong asAD3+ are in usagethe re-
quirements should be fulfddat | east from todayds perspectiwv

The three followingsectiors propose a uncertaintybased usage strate for three
phases of the automated vehicle usdde testing phaseo |, the introduction phase
30 , and the supervision phas® (seeFigure 30). The timeline inFigure 30
depicts differentime spans-0as well as certain points in tinteghat ae important for
the understanding of the following explanatidie timeline will thus be used fox-e
planation.

Atte%t Atmtro suvl
il Tlme
aRfU 1 o :
AVANS
A[aRtUi AtaPoSi

Figure30 Timeline withcrucial points in time&and time spansofor the usage theory

After this subsectionn 3.6 filUsage Strategigxamnatiord certainparameter variations
of theusage stratggareexaminedor theAutobahn Pilotand i safetyoutcomes.

3.5.1 Testing Phase

For the classical safety lifecycle of thatomobiledescribed in the 1SQ6262°°, teg-
ing is defined as the

process of planning, preparing and executing or exercising a system or system co
ponent to verify that it satisfies specified requirements, to detect errors, and to create
confidence in theystem behaviour.

195 Armbruster, D. A.; Pry, T.: LoB, LoD, LoQ (2008), p. a:4©50.
1%150: DIS 26262: Road vehiclegunctional safety (2008), p. 16 part |.
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3.5UncertaintyBased Usage Strategy

Testingis part of verification and validation, thus the overall systwwelopmentit
endswith the release for productiotdowever fromt o d ggrdpsctive the start of
production does not need to be the endl@felopmentExamplesrom TeslaMotors
Inc.'®” and others exist thaeport theactivation ofsoftwarebasedfunctions after the
vehicleis already inuseby the customer. Due to that reastire testingohases defined

as the phasstarting with the firsttestable item of theutomated vehicl® and
ending with the release for usage (Rfd ) instead of the release for production
How this could actually change the safety lifecycle in automotive industry willde di
cussed in chaptér. To evaluate the testing phaseat , the concepineeds input data.

Concept input during testing phase:

To apply theconceptthreesteps need to be carried out:

1. Identification of safety benchmark:
The safety benchmar |, describing the idtance between tweelevantevents
needs to be defined. This benchmiarl vectorof differentseveritiesExemplaryseve-
ities that will also be used in the nesdctiors areaccidents with injurieandaccidents
with fatalities Conceivable are alseear missesdescribing a proximity to a real aec
dent. As described isectionl.4 by the accident triangl@ifferentseverities need to be
studied to come to statement osafety

i | & (3-32)
Y

The source for concrete values might be road traffic statistics as describedXatahe
bahn Pilotin section3.6andin general in chaptet.

2. Collection oftestdistance

The objectunder tes{OuT) needs to béested® in arepresentativevay. Represerat-
tively covers allbehavioreffecting elements in a scenario. The vehicle itself should
have reached a version thatas close to the series produstossibleThe test driver
and other passengers should behave representatively. This means that dneetest
should be able tsupervise and overwritine vehicle withoubeingrecognizabless a
driver. Concep-bf©zDbi k& brdivingifswictar aehice prep
rations could be a way to reach this illusion for the surrounding. Besidepassengers
andthe vehicle itselfa scenarias affectedby thesurroundingof the vehcle due to its

¥’ Tesla Motors Inc.: SOFTWARE RELEASE NOTES v7.1, p. 1.
198 Schoettle, B.; Sivak, M.: RedVorld Crashes Involving Sebriving Vehicles (2015), p. 18.
199Mok, B. K.-J. et al.: Wizard of Oz Design (2015).
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3 Theory: $ochastic Model for Safety Assessment

sensors and foroexchangewith the environment. Depending on the use ctsesur-

roundingneeds to be met in a representative way by testing the vehicle. Threghem

be done by defined test cases whegresentativenesseeds to be stwn, or by real

world driving. Therepresentativenessd realworld driving can be derived from the use
case itself and knowledge about the udleebaviorfor this use case. The samlistance
driven can lead to different levels @presentativenesso hat the right selection dhe

travelled routes and environmental conditipfeys a key role for this theoryhis will

be addressed in chaptem more detalil.

The amount of representatidestanceneeds to be collectatiiring the testing time span

30

The functionQ
starto ando

More distancewill be driven also afted

and is called

Q

Q 30

Q 30 QO

Qo

(3-33)

30) leads the distance driven during the time spafor which the
end time can be found Figure30

(3-39)

in the following phasesOne ofthe main
questions tody is: How many kilometes shoutl be tested before introductio®n that
topic existditerature butthatmainly predict&® numbersoughly

Besides thespredictedliteraturevalues, two othermethods arelerived theoreticallyn

the following. One methodi s
Amonet ar yHow thé differene téstlistancesaffect the usage strategy will be

evaluated irsection3.6.

The

call ed

would fail. This is formalized by demanding

and_ Q phQ
listed in appendiA, Tablel5, butshifted by oneeent.

Table6 Necessary distance as a facto|oft

safety by one more event countéd j j | W P .
Number of event® 0 1 2 3 4 5
Distance factor : 0.051 | 0.5 | 0.818 | 1.37 197 | 261

0 0 Q

leadsto the values immable 6. These values are the sam®

p

t he

Q

Aprevention

Apr event ipoposesto divetsas manyaestdkiborgeders that although
one new eventQ p would occurthe proof of less safety compared to the benchmark

(3-39

that is necessary to prevent the proof of less

20Becker, J.: Toward Fully Automated Driving (2014), p. 16.
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3.5UncertaintyBased Usage Strategy

Thus one way to define thiest distancéeforeRfU could be
Q rd ™LVEY o . (3-36)

Table6 lists further values foiQ p8 . These values could be used in the case
thatone event was recoed before the distanckactor in column onewas reachedif

this happead, the proof of less safetwould havebeen given during testindg:or a
comparable good systeriis would be unkely as has been described above (falaific
tion). Consequent)yfor further calculations thealue from thefirst column is assumed

to apply.

Thesecond methgdhefi mo n et a r ypropoaels @ fornalide the benefits of using
the technology and set ¢hin ratio with the costs of testing and using tachnology.
The principle is motivated by theLARP approach(as low as reasonable practjic#l
simplerelationis proposed for that

Q 30 ON'Q Q ;OR'Q Q 30 wn Q. (3-37)

In this equationQ 30 represents the drivedistanceafter the RfU.The time
span30o begins at the release for usage and covers théme untiithe@s a-v al u
tion after thereleasdor usaged . Thisdistancas multiplied once by a benefit factor

@1 'Q and by a cost factab 1} ‘Q . The value of drivenistanceduring testingQ

is added to the inequaliand multiplied by a cost factas r} 'Q. Equation(3-37) sum-
marizes the monetary benefits on the left of the inequality and the costs on theaight.
matter when the teslistanceis driven, in average a certain distan@  is necessary

to reach the statistical proof of safety, thus

Q Q 5 Q 30 : (3-39)

Applying equation(3-38) to equation(3-37), we can derive anothatefinition of the
distancethat should be driven during testing phase

Q EAIQ wn'Q onfQ

’QF‘ , L ¥ Tl T (3'39)
Q EAIQ wnQ wnQ

Two cases need to be studiéefjuation(3-39)). As long asoOf Q @ Q

@ 'Q T it would be better to test modstancebefore introductionthus increase
Q .Intheothercas&Q @R 'Q ®AR'Q T it would be better tstop
tesing and startheusage.

From these three values ¢ 'Q fof) 'Q o Q), the benefits during usage
(0O f 'Q ) as well as the costs during testingr{ ‘Q) are independent from the safety
performance of th©uT. Thedetermining factord calculatedo ) ‘Q is thenumberof
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3 Theory: Stochastic Model for Safety Assessment

events that willbccur Assuming the performance vector of @eT({ | ) and con-
bining this with theweightingfactors explained isection1.4.1 the cost factocanbe
definedas

on'Qd of S—H ob S—H . (3-40)
Applying this to the lower case of equati(@39), a relationdefines for whichworst
caseestimation the tesduring usage should be started

v P o P ., v o,
. . i
ol No - of NT O ®wnQ 8 (341

For further discussionsthead of testing withd knowledge about th&) , a ratio
between the safety perfoamce level of different severities;, is assumed
Ak

AL T (342

h h

Equationg3-41) and(3-42) result in an inequality that definedower boundary for the
worstcaseestimation of the safety performance of el

N F h '.—
YO f f - - : (3-43)

h

As soon as it can be proventhat@eTé6 s per f or mance,tihe dhlmowne t ha
tary bal ansuggestioagivethedr8JT e necessarglistancefor this proof

can be calculated based on equaf®£3). The distance factqbased orQ2 vb)

as the result of this calculation is givenTable 7 and has already been discussed in

Figurel8.

Table7 Necessary distance as a factofjoff that is necessary for monetary balance
(based or2 vb).

Number of event®) : 0 1 2 3 4 5

Distance factoto j 3 4.74 6.3 7.75 | 9.15 10.5

Thus another way to determir® |, is formalizdby

r o b
h

Q ih oy O (3-44)
However the table highlights thahere is nojust a singlevalue that can be defined as
the necessargistance. This distanaepends otthe safety performance of tiauT.

Thus a logical loop is defined: The necessary distance for identifying the safety pe
formance of the OuT depends the safety performance of the Ourhis loop only
exists when trying to estimate the necesddisfancebefore introduction not when
applying the theory during real testing. This logical loop can be solved when asking for
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3.5UncertaintyBased Usage Strategy

the most probable case thatdsscribed bythe expectednumberof events_

——_ Given this together with equatio(8-44), the column from Table 7 can be
h

selectedvhen
b QT Qq . (3-45)

A possible way to determine the cost and benefit fa¢tors Q o) 'Q Fb R Q) as
well as theright column ofTable7 is presentedh the nextsection3.6, whenthe usage
strategyis parameterized

3. Recordof events
Differentevents willoccurduring testing Theseareseparatedhto:

a) Accidents due to automati@ontrol

b) Accidents due to humagontrol

c) Near misseslue toautomation control

d) Near misseslue to human control

e) Interventions due to danger

f) Interventions due to instruction

g) Others
Events that are of relevance are accidantinear missedue to automation control and
interventions due to danger as the t$ter anticipates an arising accideithinking
back to the Bernoulli experimen® in general would be

0 & (3-46)

with ¢  trials until the end of the testing pleas . Or similar to the test distancie
number of evestwithin the testing distands definedby

~ ~ N ~

Q 30 Qo Q0 : (3-47)

These events sensitive to setyerieed tde counted

e . (3-49)

Interventions due to dangécase &) needto be postprocessedas the hypothetical
severity is unknown. Without a corresponding seventy benchmark for comparison
with human driven vehiclewould exist and these numberuld only serve to cm-
pare automated vehicleBue to the reason thamore events will be counted in the
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3 Theory: Stochastic Model for Safety Assessment

following phasesa timestepis introduced indicating testilgd , so that the number
of events can be assigphto testing by,

Fulfillment of usersérequirement evaluated during testing phase:

Per definition during testing phase¢he tesdrivers take care dheaut omat ed vehi cl
safdy. Neverthelesdased on the kilometers and events that are counted during,testing
apredictionont he aut omat ed v e hisnedesdrghe gquadtietiiaty af t er |
should be answerad whether theDuT fulfils u s er s 6 r ewgingiusageAsasnt s

described irsection3.4.1 two main approaches exist to transparently report the predic

ed safety of automated vehicles for future udased on the testing resuttsd thereby

to fulfill the requirementThese approads areoriefly repeatedo explain the strategy.

1 Calculate thdest and worsicase estimation
To apply abest and worsicase estimatigra concrete value for the level of significance
Q needs to be defined. Of importance is that this value nsnmamicated andxe
plained for interpretationApplying equation(3-21) on ‘Q ' PAT '@ | the
best and worstcase estimation of theOuT6 s safety veaor f or manc €
1F s+ o K and{ | v © M  can be calculate®oth havetwo
componert for the different severity levelShe 6 indicates that the estimatias
calculatedat 0 anduses the data collecté@dfore To better understand the different
time indicespleaseseeFigure30.

1 Calculatt he proof 6s uncertainty
Following equationg3-26) and (3-27) the uncertaintyector for the proof ofbeing
bettergg 0 and the uncertaintyectorfor the proof ofbeingworstyg 0 is
calculatedusing{ | . The smaller theproof-of-beingbetter uncertaintyhe better
for introduction.

Fulfillment of s 0 ¢ i erequifement evaluated during testing phase:

The estdriver serves as theafety fallbacksolution and therebfulfil sthes oci et y 6 s
safety requirements during the testing phabe. goal is to predict whether tRaiT will

also fulfill the safety requirement stated by society when the testrdewnot present.

Thereforethes o ¢ i telérgtedirmimber of event®) o] needs to be derived.

30 represents the timgpanfor which the number®) are tolerated. The observation
timeforthee x pl ai ned soci etyods B39 vasongyedptusect or o (
this time span is also used for deriving the tolerated numbers

30 A Yx g (3-49)

92



3.5UncertaintyBased Usage Strategy

This toleratednumber’Q  can be derived using different approachésee possible
approacheghat are objectively arguable are explained in the follow@thers and
more complex ones are possildleprinciple the approaches explained in the following
base on the detector li and formalze additional possible events.

1T The Detimit Understaading automated driving as a new mode of mqbility
it is difficult to argue that events du
Accordingly it is consequent to require that existing safety in road traffic ibeot
ing influenced bythe introduction of automateeehicles The consequenceould
be to equate thleratednumber of events with the deted®limit, derived for &-
ample from equatio(B-31) on a yearly base

0. (3-50)

1 The MobilityReplacementOne could argue differelyt when understandingaub-
mated driving as a replacement fufmandriving. On t op of t he det e
the societycould additionallyal | ow t he vehicle to Arepl a
0 thatarise ifhumandriven vehicles wouldeused

: (3-51)

Theiof sy mb o | ihenHadamardoe Schurproduct that is defined for
two matrices of the same dimension as the elemvesg multiplication.To cala-
late the expected number of events that would result émmaentional humadriv-
o] , equation(2-2) is applied. Necessary for application is the a
erage performance of human drivefs ard theworstcaseestimation of the
safety performance of the Odfiif to calculate the event ratiGhe safety
performanceof the human as the benchmdudks already e defined by equation
(3-32).

1 The Special Needsafety AccountThe before explained approach predicts safety
into future application. A moreonservativepproach would look back in time and
ask for the experience on the safety impact. A concept would be to have a safety
event accountThe toleratednumber of events depends on them of thedetector
limit and on this accour..

0. (3-52

“1y/oigt, C.; Adamy, J.: Formelsammlung der Matrizenrechnung (2012), p. 13.
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3 Theory:Stochastic Model for Safety Assessment

The account numbersan be derived in different ways based tbhe information
known ato. As at the point in tim@  there is ndhistory of usagethe value for
theaccountcanbederivedfor the first timeafter the release for usage.

T 30. (3-53)

Either thedifferenceof the number of events aaverage hmnan driver generates
comparedo the number of events counted during tes(ijg 30 ) will be add-
edtote d et e c {equatidorg3-53). Oniiketinitiatives try tomotivate a moe
differentiated consideration of additional benefitgght be tolerableConsidering
the usage demand of mobiliynited people ashare of the distan€®  could
be seen as of higher bendtt these mobilitimited people Consequentlya low-
ersafetyperformance-l{ ||- r ) asthe safety performance tie benchmarkn-
crease the number of tolerated eveniBhe resultingspecial needsvent account

replaceshe event account in equati{®52) by

30 . (3-54)

Thesethreeapproaches have a significant impact on the usage strategy b#uayise
limit the usage as is describedthe following.Additionally, approacheswvo and three
have a selfeinforcing characteiTheyreward a potentially safe system and penadize
potentiallyworsesystem.

The key question idHow to predict whether the consequences of deploying automated
vehicles in means of event numbers vatl will not exceed theoleratednumbersde-
rived above@ A carefulapproachs to assume worstcasesafety performance and limit
the number of alloweddistance driven A possible way would be to use the
{1F # o fHQ  estimated aboyebutusingQ  would neglecthe interve-
tion bythe limitation ofdistance By limiting the distance the consequences ofnais-
judgmentare reducedType one and type two errors acaught by thentroduction
phase evaluatiom everytime stepo . Because of thampact reductionthe worst
caseestimation is performed with less significani@ . In general the inequality
(3-55) statesan ordetbetween he probability of erroybut as has been describ® the
specificvalues are arbitrary

Q Q 8 (3-55)

22 Cowles, M.; Davis, C.: On the origins thie 5% level (1982), p. 1.
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3.5UncertaintyBased Usage Strategy

The worstcaseestimationof theOuTos per f or Hidhnig e oe c tthog
follows equation(3-21) and this timeappliesQ

Adapting equatior{2-1), the requiremento not exceed the tolerated number of events
can be formulated mathematically:

Q (3-56)

Find the expected valye 0 that leads to more th r events with an error
probability Q . The expected value for tolerated events is found a@h saverity
level by_ { O _s0 . With the expected value of the Poisson
distribution ¢ [ O and the worstcase  safety performance
1F + o HQ ftolerateddistancesre calculatedby

u i O ! 5O O(-””- B o 8 (3-57)

The minimum ischosenfrom the vectorof allowed distance®  , as only one
limitation canbe setThe alloweddistancesefer to a certain time windoao that is
defined by theanalysis time span of theleratednumber of events. The shorter the
chosentime windowthe lower theoleratednumber of eventsiill be. When observing

a years0 A the number otoleratedevents is obviously higher compared to an
observation of one day.

To decouple the examination from tlubservedime window an expected event rate
can be derivedAs long as this rate is constant over time it caddyesed by tle follow-
ing quotient

C —_ 3-58
oo 28 (359)

Alternatively, the expected event rate could alsac&leulatedby the derivative of the
event rate as a function time

¥ o 5 8 (3-59)

For reasons of simplicifyat a point in time yearly constant tolerated expected values
{ j are assumedsimilar like beforethe @lculated expected event rdte 0 can
be used to restrict the usage of automated systEms timethe usage is limitetdy a
defined maximunaverage yearlyelocity the vehicles are allowed to drive in autbma
ed mode

F 0 r o s o K 8 (3-60)

From the vector of velocitias , the minimal number is chosen for limitation.
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Caution: The demed velocity is the allowedverageyearly velocity for all automated
vehiclestogether This upper linit of velocity follows the ideathe higher the velocity
the moreBernoulli experimentg are carried outluring a certain timeThus by limit-

ing the velocitythe chance to encountereglevant event within one trial stays the same,
but the number of trials reduces and consequently the outcome of relevantgetents
lower. How this velocity is influenced by different parameters like the desstinceor
the approach to derive thimleratedeventsis discussed irsection3.6 based orexan-
ples

Based on this theorthe automated vehicles will be introduced duringittieoduction
phaseexplained in the nexulsection

3.5.2 Introduction Phase

The introduction odeployment 0AD3+ vehicles to real traffievithouta human driver

as a supervisdoegins witho . At this point the statistical proof of higher safeb§

the OuT is still pending Neverthelesst he usersé and sofukretyds re
filled. However the fulfillment of the requirements could change as new desance

and events are collectég driving in real traffic This newexperienceand knowledgés

used to reduce uncertainty about the safety of automated veHibkesntroduction

phase ends with the proof of more or less safety at The introduction phase is a

dledas follows:

Concept input during introduction phase:

Not more than the allowed velocity derived with equati®60) should be driven with
automated vehicles within the pleed use cas This should be ensured either by the
users otbetterby the automated driving function its®ft The allowed velocity can be
shared between all vehicles that enable automated dmvithgn the defined use case
Knowing the averagevelocity of the vehices™Q pMB ) , their velocity driven
automated is limited by

[ I8 (3-61)

When the velocity of the individual vehicle is unknqwime velocity can be lim&d by
the amount of active automated driving functians  that resulteither from the
assumed averagearlyvelocity[

23 The jam assist of different OEMs today also is limited to highway scenarios. This should be adaptable
also for the described use case. This limitation could be extended to a velocity limitation.
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3.5UncertaintyBased Usage Strategy

o rf_ (3-62)

or from themaximumdrivablevelocity of the use case by

[

0 ;
U

8 (3-63)

No matter which way the velocity is limiteds long as it is above zetioe result of
application will be more drivedistancewithin the use caséNewdrivendistancemeans
newinformation for assessmerit any point in timed  'Q pltiB h) afterrelease
of usage the fulfillment of the requirementss evaluable Assuming the knowledge
about the driven velocity 0, the additionabistanceshould be recorded and can
be seen athe testdistanceQ 0. As this distance habeen collected during real
world usagethe representativeness is without questimgether with the tedtistance
during esting phasea total is defined by

Q 5 Q j 30 Q 30
, . R (3-64)
Q { 30 r A®

Due tonew distance additional relevantevents willoccur The sum over time of the
eventdfollows equation(3-48)

30 é . (3-65)

(3-66)

For the introduction phasall relevant events are connected with a severity level as no
teg driver exists to intervenbeforea near missor accider’* event(see automated
driving definition insectionl.1).

Based on these new events aigtancethe fulfillment of stated requirements needs to
be checked:

24T the authors understanditige interaction concept between human and machine is still unknown for
higher automated vehicles. Accordingly the chance exists that also during introduction phase the no
mal drivers might be able to overrule the automation. This should be kept in mignl catinting
events.
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Fulfillment of usersérequirement during introduction phase:

The moredistanceddriven the better distinguishable two systems with different pe
formance valueare See the exampla Figure31 where system onis twice as good as
systemtwo{ | ¢ 9| | System oneets distinguishabléom system twdhe more
kilometersQ aredriven. To calculate the valuestbie Poisson distributions Figure
31, the test kilometers have been increased fomiomn one to three by the factors

plp fx 1t

1'd‘cest,O 1O'd‘nest,O 20-diest 0
0.4 0.15 0.1 — oz h
A =25
I A, =125 =125 A, =50
” A, =25 w01 ), =25 .
E 0.2 E E 0.05
0.05
0 L 0 0
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
number of events & number of events &k number of events k
1 ’( 1 1
&9 <3 <3
0 0.5 2 0.5 Q0.5
Q @] @]
0 0 0
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
number of events k& number of events k& number of events k

Figure31 Poisson distribution PDF and C@Bmparison of twsafetyperformance
levelfor different test kilometer as evaluation basid ane severityQ

This example illustrates that updatingthe performance estimations
1F s o M and{ | # o M atd by the gained data

will be necessary téieep the information up to date for users of automated vehicles.

The same is true fdhe uncertainty evaluatiqg 0 andg O

Fulfillment of s o c i eréquitement during introduction phase:

The allowed velocity for autoated vehicles 0 will changedue to new
information about the estimated safety of automated vehicles
{1F # © R  andachange in tetance of evenf  due to automated
driving. At certain points irtime 0 , the allowed velocitycan be updated by adap

ing the equationg3-56) to (3-60) to the new time span and point in time following
Figure30.

Additionally, the risk which has been takeran be evaluateduring introduction ex-
pressed as an error probabilily deploying the automated driving technology. This is
similar to the wuncertainty eval wadcasen
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3.5UncertaintyBased Usage Strategy

approximation & the ouT { |f v o M and the driven distance
Q 30 as well as thdoleratednumber of event§ 30 defined one
point in time ahead of evaluatioi®( p . Using these information first

o Q 30 °
Y0 R o -’-
4 ' 0 30 2 (3-67)

11 Iyl

uY0 i o} hQ r

and secong the probability that the counted numberesents would have occurred is
calculableby

Oy 30 m 30 8 (3-68)

Thesevalues are sensitive the level of severity, thus is a vector andequation
(3-68) has to be evaluated for each level of severity.

3.5.3 Supervision Phase

Above the requirement to generate objective information for usieesintroduction
phase has the potential to geneeteughdistancethatis neassary for the final proof
of safety This was notachievableduring testing phase (seection2.4.2. The more
distance igriven the better the chance to distinguissade from an unsaf@uT. Thisis
depicted for explanain in Figure 31. One theoretical exception exidts 4| |

{ |F - In real applicationthe chance foexactly |f { |F is very little and
thusthis ismore a theoretical problem@ver time 6 , the estimated performance
{1F « o HQ  wil convergeo the real performancg || .

At one point in timed  (seeFigure 30), the estimated performance will exceed the
benchmark

TFs oM 1 h (3-69)

or in contrastit could alsooccurthat the bestase estimation drops below the Henc
mark

{F & o f 1 8 (3-70)

Equation(3-69) formalizes ase 1: the proof ahoresafety andequation(3-70) formd-
izes @se 2: the proof of less safeltyseems wise tieep inmind that oneof these two
cases can happehirstly, because it is unclearhat happens if automated vehicles
different brandsget directly comparablan means of safe®/Would certain vehicles be
withdrawn fromtraffic? Seconly, it is unclearwhat happens if thautomatedsystemis
proven less safe? Wouldeth all vehiclesget banned from road traffic? Thing it is
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3 Theowy: Stochastic Model for Safety Assessment

unclearwhat happenaftersafety has been proven? Would then the limitation of eloc
ty be obsolete?

The first question is out adur scope. The send and third question can bddressed
by reviewing boththe user8requirementa n d t h e reguoetnenesThe fesults
might beappliedto thesupervision phas@o ) after the proobf safety(o

Concept input during supervision phase:

To argue about aafetyevolution further driven distancesas well as resulting events
need to be counted and reported. Obviquedher a safety proothe questn mayarise
why a further supervision is of relevance. Howeweshould be kept in mind that the

safety proof was given on data of the past. A proof can only be given retrospective or

based on thguaranteghat thesystem under observatiomeaningroad traffic in this
case is not changing over timd assumehat no one can givehis guaranteéor open
road traffic Consequentlythe proof of safetyalthough it is the begiuessfor the -

ture;isonlyval i d for the past.verAige thedifesept@ap- t r af f i c

bilities of human driver and automated driver will result in changing performance levels
{ | andq | over timé®. Accordingly the check for fulfillment of bother
quirements should not end with because t requirements will not vanish either.
Thus at several points in timeé the data and information frosw should be
exermined.

Fulfillment of usersérequirement during supervision phase:

The usersd raaquiforéhengpdate ofale lolgective safety indicators
being the  performance estimations A || & o and
{1F # o M . The same should be done fiire uncertainty evaluation
m O andg O

The equations to calculate these valummainthe sameA time window 3-0 for
evaluationhas to be chosen carefullpuring the first evaluation a , the whole
amount ¢ distanceand corresponding eventsustbe used forevaludion. This point in
time is the first timewhen enough information isccessibleéo conduct the proof of
safety.This whole time span is described &y 30 . All the information within
this time sparis necessary to reach the required leskbignificance. Afterd  this
might changeTo keep the same significane®t all informationbefore6  is neces-

saryf or evaluating safety. I n other words:

2 \Wachenfeld, W.; Winner, H.: Do Autonamus Vehicles Learn? (2016).
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3.5UncertaintyBased Usage Strategy

we do notevaluate thactualsafety lut implement some kind of filter thatnootheghe
safety information.

Therefore a sliding window with an adaptive width defined ity evaluation point in

time 0 and its time spag-0 is defined.Its characteristic is that based on the
information within this time window the requiresiror probabilityQwould bereached.

Using this time windowup to date information about the safety of existing vehicles
applied to today 06 dmportanaid that theadisthncectrasglwithig at her
this time window is r epr,eaeglecting ald dataes.not | f tr
reasonablef-or this thesis, the studi€uT as well as the area of usage is assumed to be
time-invariant. Consequently sliding window is not necessary. \gthelessfor reat

world application this issue needs to be addressed.

If the proof of safetfcasel) occurst he user 6s ubilpdigivereapre nt s ar
defined uncertainty. Thuys her e i s no reason from users?o
introduction of these vehicles.

If the proof of less safetycase 2)occurst h e uweguaremenisare still fulfilled as

long asthese resultare transparently and instantaneously reporteanyanderstad-

ing, expressed by equatiqf-1), it is not absolute to ask for higher safédpviously

this is discussabldepending on the benefits besdafetyand needs a strong debate by

affected partiesAt this point in time this debate can be conducted as knowledge from

real usageexists.Fr om t he us ethesppoofpfer kpest saéety doe
his/hertask tointerpretthe knowledge about safety for hiwr herself

Fulfilment of s o ¢ i eréquifement during supervision phase:

The output of thes 0 ¢ i redquiyetanis the allowed velocity for automated vehicles
I 0 . This velocity isaffecteddifferently depending on the cas®t occurs

Proof ofhighersafety- casel: Shouldthe allowed velocitybe setunlimitedand thereby
should the usage of automated vehicles not be limited anymoredafterOn the one
hand arguments exist to not limit the usage: Safety has been proven thus it car-be trea
ed as regul ar v didtancedrageted ds the rasylt of alvelacity y@ s
limited. Why should automatedsagebe limited? On theother hangdarguments exist to
further limit the usageWhen ncreasing the allowed velocjtthe number of events
could increase although the vehicles drive safrs might happen specially when
additionaldistancewill be driven due to thechance tht vehicles drive withoupasse-

gers. This would be of interest if the numbers of vehicdesreduced anatar and/or

ride sharing concepts are implemented. To give access to existing users and enable the
sameamountof mobility, the vehicles need to be stributed withoutpassengersrhe
number and speed of AB2ehicles today is limited by drivdicenses AD3+, if not
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3 Theory: Stochastic Model for Safety Assessment

limited artificially for example by the allowed speed, would theoretically not be limited
by anythingthaneconomiaeasons.

Proof oflower safety- case2: Should the allowed velocitie set tozeroand thereby
should the usage of automated vehiclepteeentedaftero ? The answer depends on
additional benefits that miglautweighthe additional risks. Some kind of limited usage
seems appropriat@.he approachs explainedto derive the allowed velocity already
include a reaction on a bdmkstcase estimationThe usage strategies redutiee a-
lowed velocity and thereby limit the impact on safety for society.

No matter which case occuthis point in timed  defined by the proof ofower or
higher safetyshould be seen as the point in time when a profoectsidn can be made
What is the future of AD3+ mobili/A strict prohibition as well as a strict deregulation
seemsnot appropriatdrom the safety point of viewt is more about the question on
how to limit the risks for everybody.

3.6 Usage Strategy Examination

Q19 How will the usage strateggffect the deployment of automated drivargl how
will different parameters influendbe safetyputcome

To answerQ 19 the usage strategiescribed aboves now applied for a fictivé\uto-
bahnPilot in Germany The performed calculation stedsscribed abovare arranged
for better understanding in a simplified flowchakepicted inFigure32. This flowchart
separates the usage strategy evaluatipay(background)from the reality simulation
(light background) The reality simulatiomeeds to be performeads no realAD3+
vehicle has yet been tested and used.
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3.6 Usage Strategy Examination
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Figure32 Simplified flowchart of usage stratedgr automated systems

To studythe application of the strateggimplifications for reality simulation aresa
sumed. One main simplification is that the surrounding world is not chaigmne
invariant) i.e:

{ The"Y of the benchmark and ti@uT do not change over time

1 The costs oévents daot change over time

1 The usage demand ahdhaviordo not change over time

1 Thetolerance general infrastructuretc donot change over time.
Given these simplificationghe following sulsectiors firstidentify and define the g
rameters thainfluence the strategy bgxplairing the flowchart.Second assign exm-
plary values to the parametefird, define criteria for evaluatior-ourth,analyzethe
result of the simulationLast, subsectior8.6.5will conclude onthe usage strategk-e
amination

3.6.1 Usage Strategy Parameter Identification

Today concrete values are unknowvor the applicationof the usage strategyrhese
values are

1 1 T Theusage demanbrmalized byfour differentaverage yearlyelocities.
T 4[| i Thesafetyperformance vector of t@uT that describesaveragedistance
in between two evenbf the sameseveritylevel.
Theseparametersre defined aassumptiongind serve asonceptinput in Figure 32
These assuntipns are used to simulate the output of testing and real U§gbebad-
ground) Obviously these assumptions are not necessary if a real automated vehicle is
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3 Theory: Stochastic Model for Safety Assessment

tested and introduced. The usage demand depends on the users that would request the
vehicle The safety performance vector is thgafety characteristic of the automated
vehicle itself. Thusin section3.6.2 valuesareassignedo these assumptiorier study-

ing the theoryds out come

As Figure 32 indicates another input is needed for the application ofubage strategy
(gray background). The scalled definitions have to be derived also in +walld go-
plication of the theory:

1T Q I The probability of errorthat is used to derive theest and worstcase s-
timations of theOuT for the proof of lower or higher safety.

1 Q 4 1 Thetotal distancewhich the automated vehicles have been driven under
testing conditiondeforethereleasdor usaged

T4 |F 1 Thesafetyperformance vectois used as the benchmark for comparison.

1T Q i T The probability of error the tolerated number of evenBoth are
used to derive the allowed velocity.

Thus in section3.6.2 these definitios areassigned value® simulate the usage steat

gy.

Given these assumptions and deforis asmodel input, the theory can be applied.
Application meango execute different numerical calatiors either for the usage stra
egy evaluation Kigure 32 gray-background) or the reality simulatiofigure 32 light
background). At a point in timé, the updatedlistancedriven by automated vehide
either during testing or usagas well as the number of eventgagen for evaluation.
Based on the defingarobability of erroythe best and worstcase performance vectors
of the OuT are estimatedThese estimati@are compare with a defined performance
benchmark vector to either stop the usageback to testingr to limit the usageThe
limitation is done by the defineglror of probabilityand the tolerated number of events
resulting in arallowed velocity.

This allowed velocity is the outpuf the usage strategy evaluation and the input of the
usage simulationThe simulated usage closes the evaluation loop by calculatirsg a di
tance traveled during the time spamas well as the numbers of events that might have
happened duringhis time spanThe simulated usage limsitthe velocityeither by the
allowed velocity or the velocity demanded by newly registered vehicles.

As Figure 32 indicates the evaluatiorwhich isdepicted as a loop is executed several
times and its outpuf ( influences its inputg andQ ). Consequentlytwo
simulationparametes need to be assigned

1 307 The length of the time spdretweertwo evaluations
1 6 1 Theend of simulation fothis usage strategy examination
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3.6 Usage Strategy Examination

3.6.2 Usage Strategy Parameter Assignment

To study the theoryalues need to be assignamlthe parametergdentified above
Either specific valuesanbe derived theoreticdly or, if this is not possiblethe follow-
ing sectiors will study the sensitivity of the usage strategycomefor different paran-
eter combinations.

Necessary Assumptions

[T Severaltechnologies exist that have found their way ietery newly regitered
automobile. From Litmai® there exists a publication that tries to predict the aston
mous vehicle implementation based on these technology experiences and on different
other contributing factors. ligeneral all predictions offuture take ratesuffer high
uncertainty Especiallyfor a new technologyif few comparable products exist. Howe

er, there will still be some difference between the real introduction depending on the
usage demand and the total introduction when every new vehielguippedwith a
technology (equipmematioO'Y0 p .

Accordingly to Sefaf’’, the ESC (electronic stabilitycontro) equipment ratiofrom
1995 until 2015 is considered get a simplgredicbr of the usage demand of autama
ed driving functions. Th&SC equipmentratio is chosenbecause it describes thatio
from 0 to 1 of nely registered vehicles in Germanyus it stands for a successful
introduction Additionally, it is a safety relevant function that supports the driver. Al
hough the reaéquipmentdemand Wil differ from this approximationit is seen as a
first best guess.

298| itman, T.: Autonomous Vehicle Implementation Preidics (2014).

207 Sefati, M.: Benefit Analysis of Automated Safety Systems, Report ProjeBi®dP (2013), p. 89.
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Figure33 Automotive technology equipment rate £ESP and predicted for AD3+

Figure 33 depictsthe equipment ratidor ESCwhere year O is the year of introduction
1995. To derive possibleequipment ratidor automated drivinghe ESCnumbers are
fitted by acosinefunctionupto year 20

-p AT &6 o ¢TA
o 0O ¢TA

0OY0 h (3-71)

The usage demand for automated driving is expressétklayerageyearly velocityT .
This average yearly velocity is defined by

Q
[ & (372
whereQ is the annually driven distance aritie number of hours of one year are
A Y x ¢EpThis velocity should not be conied with the average velocityfthat is
defined by thalistance driveffQand the time it takes to drive thiss@inceo

0 38 (3-73
0
The usage ratiy"Vis defined by the quotiemtf both velocities
vy - 28 (3-79)
r A
Foronev e hi c | e Autobahntrafiic ahe average yearly velocity is

h

o F 5 TBUe- (3-79)
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3.6 Usage Strategy Examination

That is calculated based on the distance dff7hy all vehicles (Kfz) ontheAutobahn
in Germany in 203 Qp ¢ ¢& O mE I, the number ofregisteredvehicles that
might accessthe Autobahn(passenger caiRkw: T & tp 1, motorcycle/Kraftrader:
o080 p 1, busses/Kraftomnibusserngt x ip 1, trucks/Lkw: ¢® yp T articulated
vehicles/Sattelige 7@ {ip 1 and others/iibrige Kfzig ¥ p m) in German$®® 2013
0 v ® P mand the hours of one yeAr o @& W; TE Additionally, a factor
@ —— p® @ds necessary to correct the numbers of vehicles as also vehicles not
registered in Germany ad to driven distances on German Autobalihis factoris
taken from a countirfd® of foreign vehicles on German Autobahn in 2008us the
usage demandh generalis calculated by multiplyinga number of vehicles with this
averageyearly velocity T i . For all vehiclesO L @ dp m that drove on
GermanrAutobahn in 2013the usage demansiexpressedby the velocity

. El
I e T o (3-76)

The usage demand of nigwegistered vehicles is a function of time

[ h o T F O 0 AO (3-77)

with therateof newly registered vehicldseing

0 T 087 E8 (3-79)

0 0 ry
The number of nely registered vehicles (Kfz) in Germany Binultiplied with the
correction factors 0 o Xp T

When assuming aequipment ratidbeingsmaller than 1 described by equati{@71),
the usage deand follows to be

[ " O I s Q0 AO (3-79

Therateof registered vehicles following aguipment ratias defined as

;
5 o —OYo08 (3-80)

The usage demand increases from year to year and represents how many vehicles would
be drivenautomatedn real traffic if no limitations by a usage strategy are implemented.
This is depicted ifrigure34. The life expectancy of vehicles is not modellddsuming

the usage demand is not changihgre will be an upper limit given by .

28BMVI et al.: Verkehr in Zahlen 2015/16 (2016), p. a:106, b:133.
29| ensing, N.: BASZ&hlung Auslandischer Kraftfahrzeugverkehr 2008 (2010), p. 18.
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Figure34 Usage demand for thutobahn pilot

Predicting the equipment rati® "Yfor o tyears into the futursuffers high uncertainty

for differentreasons. One is the comparison with a technical sysfetine past (e.g.
ESC)that has diérent benefits and drawbacksh@s aretheregulatory dependency or
the selfreinforcingeffect as the usage demand would be highly influenced by the safety
impact.Additionally, financial andlifestyle factorsin general #ect the usage demand
Neverthelessor the simulatiorthe usage demanam@ressed by different velocities

is necessary tanalyzeand compareghe impact of different parameteiSor the real
world application of the theoryD "Yshould be measured or at least estimated aontin
ously to reduce these uncertainties.

Besides the upper limit for a usage dedhfan  , a lower limitcan also bealculated.
This lower limit can for example bemotivated byt he fAConvention on the
Persons with Disabi Pttieso (CRPD) Article 4.

To undertake or promote research and development of, and to promateaitadbil-

ity and use of new technologies, including information and communications ftechno
ogies, mobility aids, devices and assistive technologies, suitable for persons with
disabilities, giving priority to technologies at an affordable cost;

The lower Imit of demand would be for the benefit of people with mobility limitations
due to disabilities. This lower limit may be calculated based on numbers froes repr
sentative surveys. In 2002 seventh of the respondents of the German mobility Study

2 UN: Protection and Promotion of the Rights and Dignity of Persons with Disabilities (20086), p. 9.

21 Eollmer, R. et al.: Mobilitat in Deutschland 2002 (2004), p.il4%. The newer study from 2008
doesndt del i ve mtotcdiuatarsaSenkolimem R. et almMaobiiités in Deutschland
2008 (2010), p. &B6.
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3.6 Usage Strategy Examination

suffered dsabilities. Of these responder2$3 answered that this would result in mebil
ty limitations. This limitation for individual mobility resulted for them in only 1R
of self-driving whereas people without disabilities ended up driving R 3 day. The
averagedistancefor all respondents is reported with 2&rh. Fromthesefigures a
mobility demand considering a mobility limitation factra 18t @s derived and is
applied to the total number of nBwegistered vehicles

I v Ohao i o) (3-81)
6o -20—"—2 Mm@ e (3-82)

This number ofpb has to be used carefully, because it is a rough simplification of the
actualchallengemobility limited peopleare confronted withAutomated driving might

be one step to overcome their limitations, but otleddancedor mobility like difficult
building access will still existn addition the AutobahrPilot will not be the first use
case for mobility limited people.

{ |F i The secondassumption that needs to be assigned issttiety performance
vector of the automated vehicle. As the missing information about the performance is
theorigin pointfor the whole thesjdifferent valuesare assumed. The relation Wween

the safety performance values ah@ safetyoutcome of the strategg studied The

range of performance level that is reasonable to be discussed may be derived from
todayds plevel fadatiomdue toéduman vehicle control. Stutlfelsave been
conducted that deliver a factor of approately 6 between an experienced driver and a
young (17 years oldnexperiencediriver. Their performancés measured in accidents

per year. The principle of the model that is bb#hsed on the results of the dyjuis
depicted inFigure 35. The mediamumber of accidentsf this studied sample 72

T ¢ PApfor drivers with 60060999 annual mileageThe variationof the assumed
performance factof| || is defined by

Ik ro | (3-83)
A TP fp&y tp T (3-849)
where p& 3 |} represents theupper end of humanperformance and® O

{1 F OEA xARi@One orderof safety performancéetter and woes OuT are
choseras representatives to see how the strategy deals with significantly worse or better
systems.

#2Maycock, G.; Lockwood, C. R.: The accident liability of British car drivers (1993), p. a:235 Table 1.
Caution: these amneumbers for British drivers reported 1993. This is a first best attempt to use mea
ingful ratios between median and extreme vald@supdate for this numbersisuld be done for ae
cept application.
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Figure35 The predictedféect of age and driving experience on accident liabffity.

This performance vector of the automated vehicle can be used in different ways to
simulate theoccurrenceof an event. Either thBoisson process simulatel or a dete-
ministic simulation usinghe expectedvalue is performed. To study the effect of the
different assumptions and definitigres deterministic process is used as this is what is
most likely to happen in reality.

Necessary Definitions

{ I - The Autobahn Pilotfor Germayy is studied thust o d aayefagevalues
(2013%'* are taken athebenchmark

ru':Qﬁ Il C C&‘:p T[E lfl’l
i |F RO R T npymxaon pg tpmEI (3-85)
hos 1 cg P M I'l"l L8 Pt E |
W s U U oxw U

with the number of accidents with injuriés ; and fatalitiesd . Thehigher the

e v e sdvdityg the higher the performance bfo d aopdiraffic. For real application
of the theoryadditionalseveritylevel should beised.The lower the safety performance
at another level of severjtthe more probable is an indicator for saf€iyr understaa-
ing the theoryit is not important how many different level séverityare dscussed as
long as two competing ones are handled.

23 Maycock, G.; Lockwood, C. R.: The accident liability of British car drivers (1993), p. 240.
24 Destatis: VerkehrsunfalleZeitreinen 2014 (2015), p. 6 & 23.
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Q - both error probabilitiesare difficult to derive theoretically. Obviously
type 1 and type 2 errors and the weighting of their outcome may lead to iarémisa
specific level. Tie explanation for the error typesgiven inTable 8. Values forboth
error probabilityparameters need to be defined. Fridsraturé™ and especially qo-
mon in medical test&® these values are arbitilgrdefined as

Q h pb8
i} (3-86)
Q h uvp38
Table8 Systematicof error type&'’
Null hypothesis (HO) is
Valid/True Invalid/False
Reject Typel error Correct inference
Judgment of Null Hypothesi (FalsePositive) (True-Positive)
(HO) Fail to Correct inference Typell error
reject (True-Negative) (FalseNegative)

i - As has beedescribedseesection3.5), different methodsexist to define these
tolerated numbers. To see how thesethodsinfluence the uage strategythe three
approachesre studied as representatives for athAH three methods depend on the

. As this detector limit is not necessarily derived as explained in
section3.4.2 its impact on the introduction will be studied as well. Therefdresides

the derived valueshat are calculated as the floored standard deviafion p) to a
fitted trendline at the yearly numbers from 182014 for Germarutobahnevent$®,

also aflooredtenth(  p mmas well as the often required vision zéro p 1 is
examined

Q 5
—1n
T hU TV B (3-87)
l h |"|
u T v
For the severity level of accidents with fataliti® nhoto wresults.

215 Cowles, M.; Davis, C.: On the origins of the 5% level (1982), pi 553.

1% Altman, D. G. et al.: Statistics with confidence (200R011), p. 219.

2 https://en.wikipedia.org/wiki/Type | and_type |lI_erraxcessed 24.09.2016
8 Destatis: VerkehrsunfalleZeitreihen 2014 (2015), p. 23.
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1.The Det e citToisapmoackyivesn i tolerated number for each severity level
following equatios (3-31) and (3-50). This approachis chos@& as a representative
approach because a fixed number is derived that is not adapted during the years.

T8 (3-89)

2. The Mobility Replacement This approach uses the hypothesis that the allowed
velocity calculated based on the detector limit will be dribgnthe automation
Thereby the automation replaces human driven distances, thus human driven events.
This replacement strategy assumes that these replaced events would addibenally
tolerable for the automation. Thuke tolerated number of events results to beeas d
finedin equation(3-51)

’;‘Yl,) FI FI 11
y 1 “YG B ﬁ (3‘89)
Paoe wg oy &8

Assuming a tolerable replacement of evetite number of events increases depending
on the ration of the safety performance values of the different level of severity.

3. The Special Needs Saf Accounti The additional tolerated events are depending on
thedetectorélimit and theevents of the past

is used to define the demand foetestdistancewith specialtreatmenh’Q 5 .

Qp o . [ OAD (3-90)

The performance leveblerated for special needs is defined as the safety performance
of aninexperiencegoung driver. A concrete value for thas definedoy | h
& n 9 || withafactorofd 5 @& derived fromFigure35.

Y6 k6 s e
Ib 5 ~p 0F @@mnEl

For every new evaluatiom( , the safety accountecto is updatedeading to
a reinforced stratg. The better the vehicle cqared to thenexperienced young o
er, the more events are tolerated.

‘Q i T Another paramier influencing the usage strategytii® amount of testindis-
tance which will be run before the release for usage. As &lasadybeen citedthere
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exists a rough prediction of BeckEtthat theAutobahn Pilowill need up top TE | of
testingusingg d ay 6 s ap pr ceahislvaulsl bedefinecas td upper limit.

Q ph 8hpmEI . (3-91)

However, besides taking this value frditerature two other approaches have been
descri bed. By assuming concrete Mutheues
ted distancesfor examining the usage strategy are simulated. On the one thend

o

Aprevention of | disamcebyapplyingthe ddfiredshfsty perfo t e st

mance benchmark) R L8 P TE [ to equation(3-36) (see pag&9)

Q h 8@ npm EI. (3-92)

On the otherhand he fAmonetary bal anceo0 agsignngach

values tod R Q , O N 'Q ,®n Q8The weighting facto8 have been derivedsdc-
tion 1.4.) to 6f o & MO andsl p& ¢ p MO. The monetary benefit
during usagen nj Q T ¢ @ is approximated basl ontwo repors. Dungs et

al 2t identified the value of time tbep @ on averageAdditionally, FollmeP? ideni-

fied time anddistanceused for mobility demandrhe study identifiedhe time it took

the questioned tdravel one kilometer®dt o ¢—. The cost for test driving is appliex

mated by 'Q ¢& v, This approximation assumes costs for the vebialed

costs for the test drive(see appendiB). Other costs agostprocessingare neglected
becausef the assumptiothat these would be alike the costs for supervision during the

introduction phase. As theeveritysafety performancéactort oday 6s val ues

for the first best guessd j —: T8t ¢ 1T dhus equation(3-44) is

r o b

Q 5 @i O—
h

(3-93)

c

The unknown distance f @pg tdependsodhe safetjwpenet ar y

formance of the object under téd (seeTable 7) and is selected wherelation

219Becker, J.: Toward Fully Automated Driving (2014), p. Calculated assuming 50 km/h average
velocity for Autobahn/Highway.

220 At this point mistake is made when excluding certain level of severity. Nevertheless for the sake of
simplicity the theory stays with two level of severity for explanation.

“LDungs et al.: The Value of Time (2016), p. Eérther approaches for the USA and additionaheou
tries can be found iftrottenberg, P.; Belenky, P.: Valuation of travel time in economic analysis
(2011).

222 Folimer, R. et al.: Mobilitét in Deutschland 2009(®), p. 21.
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(3-45) on page91 is fulfilled. As long asthe O has not more thaif eventsafter
testing the distanc@

Table9 Check for fulfillment of inequality3-45) for the worst studied OuT

i, the OuT might be introduced into usage.

o

Q

~

Y

0

Q Q

W | =«

0

™ DB dp TME |

0.0233

4.42%

Although the safety performance of teT is varying by a magnitude of twothe
o stays below 36 for all OuT. Table9
summarize the calculation to check whetheslation (3-45) is fulfilled. Consequelty,

probability for more than 0 events usicig;

the test distanc2.679¢ TE [ is adad forall of the™

assumptions.

Overall three differenapproximations of testistance$ave been put in concrete terms
and will be used fothe examination of the usage strategy

Necessary Simulation parameter

0

affect road traffic Therefore one could evaluate the mean length
safety life cycle This is estimatedn Germany 20

Q

i h & xp ncdogp nfp T E L

(3-94)

- For the currentdiscussiongit is of interest howautomated driving vehicles will

22
33

an aut omobi

with 8.7 yearsand constantly

lengthened over the last years. Howefarthe technology of automated driving it is of
greater interest how a usage strategy would influence the market penetratitree-
by the whole traffic systenThereforethe simulation will stugl thetime sparthat other
technologies needito befully deployed in the market

0

0

h oT1iAs

(3-99

This value is taken fronfrigure 33 and represents thieme thatis necessary until the
technology is fully deployed

301 Figure32 shows that the usage strategy results influence the next usage step by a

limitation of velocity. As long as no new evemtcurs the ™Y

h

estimation -

proves and the velocity consequently increases., Thedast evaluation step ingnces
the next evaluation stephis can be described by an ordinary differential equation and
an initial value, as long as the tolerated number of eddsnot chang. Due to the

introduction of different usage strategiggDet ect o i Mo kb iRImipti yn,c e ment 0

etc.) these tolerated numbef®) ; may change. Consequentlg numerical solution

22 statista.de: Durchschnitthes Alter von Pkw in Deutschland 1960 bis 2016 (2016).
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3.6 Usage Strategy Examination

of the differential equationss necessargnd the Euler method is applféd Due to that
reasonthe outcome of the usage strategy is sensitiv®otd'he smaller théime step

30, themoreaccurae the simulationespecidly the self-reinforcingeffects arecalculd-

ed In appendixC it is shown that the maximum relative errortbé cumulative -
tance traveleat the end of the simulation tinfe¢ 0o is smalletthanp 1P that
might result in theworstcasescenarioif 30 18 E. The worstcaseis designed by
choosingthe longest overall simulation time as well as the biggest gradient possible at
this point intime. Thisworstcasemight change when d#fent usage strategies are
defined.During reatworld application of the theoryhe value for3-0 should bechosen
much smallethanthis value because the computation time is irrelevant. For simulation
during this thesiss® ¢® Eis choserto reduce coputation time.

3.6.3 Usage Strategy Simulation Evaluation Criteria

The parameter spacde reducedto a four dimensional spad®/ the parameter assig
mentabove, se&igure36. The assumption on the safety performance ofdb&is one
parameter”) . The othethreeparameterslefinethe usage strateg2  defines
thetestdistanceahead of introductiordiddenbehind the parametgt 1 is the method
that derives the tolerated numibérQ of eventsas well as theetecor limit &

evaluation
criteria

- = =>» SPoyr

/7 N\

M-kq) y’ \*

kdetL dtest.O

Figure36 Parameter space for parameter study

When each othe assigned values of tlieur parameterss combined fuly factorial,
oo p 1 gimulatiors result. Toidentify the effect oftheseparametersthe
resultsof the usage simulation need to be comparableerefore the results of the
simulation over several time spans andensd to numeric valuedor discussion.
What criteriamake theusagestrategy evaluablgiven differentassumptions| |}

anddefinitions M-Q HQ ?

=

The usage sategy itself takes care that the requirements of users and the society are
fulfilled. Consequentlyas long as the observed world follows the prerequjsites

224Dahmen, W.; Reusken, A.: Numerik firr Ingenieure (2006), p. 386.
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3 Theory: Stochastic Model for Safety Assessment

requirementcannotbe takenas evaluation criteriaGiven the reality simulationxe
plainedin Figure32, the prerequisites afalfilled by definition*®

However, when having safety in focuthe results of differenisage strategieeeva-

uated in comparison tdifferent usage demands ( . To study how a changef pa-

rameter valuegM-Q HQ ) changstheusagestrategy outcomes,worse and
betteroutcomeis identified andformalizedby numeric value Thesenumeric valus
are definedfor two time spansFirst the introduction phased  and second theus
pervision phase0

Evaluation criteria for €7 -7

Firstly, o evaluate the strategy tlwsage timewith high uncertainty ianalyzed This
time begins withd and ends ab . Befored , thetest driversreducethe unce-

tainty on safety After 0 , enough data is available that reduces uncertaibbut the
safety performance of the OUY  in comparison to a benchmark betweenthe
usage following thestrategy is compared withifferentalternative. To develop evala-

tion criterig threeextremecases with differer®uT performance are discussed

>

(= l/)ud,newReg

l/jdriven

usage prevented

trfu tpos
Figure 37 Qualitative example to derive the evaluation criteria for the case of a better Ou

1 TheOuTis asgood as obetter than the benchmairkA goodusagestrategy would
hinder theusage oftie OuT aslittle as possible compared &m unlimited regista-
tion of new vehicle.

% pttention: This changes when readhicles that drive in reality are examined.
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3.6 Usage Strategy Examination

The first criterion is formalized bycomparingthe distancedriven due to the usage
demandof newly registered vehicleé® 0  with the distancedriven due to
the strate@yo6s |(SeadightyayareainFigure37).
Thegrayarea(calledRvD: newly Registeredss. Driven) is describable with two values.

Onthe one handhis area represents a lassautomated driving kilometesQ  that
uses suffer when the strategy limits the usage below the demanded values.

3Q
r o [ 6 300 EA&E [ (3-96)
T ErA&E [

=y

5%

On the other handt depends also on the performance of @hel whetherit is good to
have the blue solid line closer toetlipper or lower line ifrigure 37. For that reasgn
the performance vector of th®uT { | and the performance of the benchmark
{ I are used for evaluatiohese valueand=Q 3Q are used to definan
avermgedelta in events ahe evaluation criteria

. 30 . 30 .
q WO B IR G g
3 1 20 S 20 ( - 7)

11 Y] 11 Y]

dYO 5 U gY0 5 U
Thecloser to eroz:  3Q thelower is the hindrance due to the stratetjjthe OuT
is better tharits benchmark, the safety change gets negative as the strategy prevents the
technology to reduce the number of accid¢nfs| ost. safetyo)

Actually, Q is a vector and consists of immendent numberslhe different
level of severitycan be weightedseesection1.4.1) to defineone indicator value that
expresses thaveragechange in safety due to the usag@ategy in a moriary way>°

(3-98)

(3-99)

To judge whether this is a lighumber or notit is related to theccidentcosts geneta
ed by all registered vehicles during this time span

2% pttention: As already discussed, the monetary assessment is simplified. Only costs due to accident
events for two level of severity are under consideration. What misses are further level of severity as
accidens without personal injury. Above that, also congestion, valuable lifetimdu#do automated
driving will change additional cost factors.
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3 Theory: Stochastic Model for Safety Assessment

o} 3Q
[ 6—8 (3-100

The same approachusedfor the formalization of sentence two.

1 The OuT is as good as an inexperienced young drivék good usage strategy
would hinder better users but satisfy individual mobility demands for people with
mobility limitations.

Equation(3-96) is adapted and now descriltége distancethatis missing tosatisfy the
demandf mobility limited groups (equatio(3-101)).

r O [ 5 O 300 TQQ r
T QrQ I

For explanation this is depicteab theblack area(called LvD: mobility Limited vs.
Driven)in Figure38.

¢

3Q (3-100)

¢

Y
A 1:[}ud ,newReg

Wt

’ Yud mi

l/)driven
usage prevented

trey tpos

Figure38 Qualitative example to derive the evaluation criteria for the case of a OuT bein
good as a young inprrienced driver

To getan idea how much the usage strategy hind&3+ usagethis delta is related to
the total demand of mobilitymited people until the PoS.

. 3Q
| R _
"B T 0200 (3102

This value describes the theoretically available mobility, provided by automated driving
in relation to thelemandeaf themobility limited people. Whether these people use the
automated driving vehicles or not is not discussed. This is left open for a poliseal di
cussion whether a certain preferential treatment of limited people will be enforced.
Forthe formalization of sgence threghe figure is adapteagain
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3.6 Usage Strategy Examination

1 TheOuTis worse than an inexperienced young drivérgood strategy would pr
tect the society by hindering the mass usage compared to the unlimited antrodu
tion.
Figure39 illustrates if the usage is unlimite(@© Y p , thusno strategy exists to limit
the usaggethe proof of less safety would have occurred eadlier; 0 .The area
respectivelythe traveled distance below the green (edstted) line untilo  , is
equalto the area below the blue (solid) linkhis is due to the fact that the samember
of kilometes Q needs to be collected to come to the proof of safety no matter

howfastit is collected.

Y
A

Jmam ¢ud,newReg

ll)driven

usage prevented

trfu tpos,ud tpos
Figure39 Qualitative example to derive the evaluation criteria for the case of a worse Ou

Consequentlythe velocity of theunlimited introductionmight be differentomparedo
the one driven If the unlimited introduction lead® higher velocities the tolerated
number of eventby societyneeds to be higher as wells this would contradict the
requirement of the societthe ratiobetween the different limitations is derived as a
other indicatorThus the third sentence is formalized by describing the ratio between
themaximumvelocites

i AD 1 § o]

N

¢

f
— —38 3-10
L Ah DT o] ( 3

Be aware that the time span for the search of a maximum is different f@motetor
and numeratorThe maximumof both time spanss chosento evaluate the strategy
becausehis ratio expresses how muthie strategy hinders the usage amerebypro-

tects the society. Thuthe bigger thé the better the usage strategy.

These criteria described by equatiof(®&98) to (3-103) are theoretically derived and
condense the information gained by the simulattdommy point of view a weighting
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3 Theory: Stochastic Model for Safety Assessment

of these criteria to derive one gla evaluation criteria value is not reasonable. The
reason for that are thdifferent units as well as thehallengeto compare the monetary
value of time and the monetary value of health. Addition&listher evaluation criteria
should be considered dapding on the point of view and the information about the real
usage of the vehicles.

Evaluation criteria for <4 7 ;

Secondly, the usage time aftbe proof of higher or lowersafety isanalyzedWhat are
the characteristics of a usageategythat would motivate a further limitation of the
usag® The criteria that formalize thignotivation are still derived from the goal to
improve road traffic safetyrhe followingthreecriteriaareidentified:

1 TheOuTis as good or bettearsthe benchmark The usageof automatedsehicles
doesno6t bemiederdd conpared to the knowrs age demand from t
registration numbers.
To evaluate the criterji@n evaluation time span has to be defifigtereforethe time is
studied where a usual technojogould need to be fully deployed to the whole existing
marketo

A lpdriven
lpud ,ER
s usage prevented "
O - HE - WPWH
tRfU tPoS tFulDep

Figure40 Areathat expresssthe first criteria for evaluation after PaSthel adiagram

The firstcriterion isformalizedby calculatingthe areanarked lightgrayin Figure40

3Q r O [ 0 300 (3-104)
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3.6 Usage Strategy Examination

This delta indistance3Q 3Q results in a deltaf event 3Q ; that
occuss given the safety performance values for beachmark and th@®uT and appy-
ing equation(3-97). This delta in events is translated to accompanieds dmstthe
known weighting factors

36  3Q ol ol Fr 8 (3-105

Themore negativehis deltathe more costs have not beamitteddue to thehindrance
of the strategy.

1 The OuT is as good as a young and inexperienced diiv€he usage should be
enabled for people sufferingnobility limitations whereasnore usage should be
hindered

To formalize the seconctiterion thegrayarea inFigure4lis determined by

[ 5 O T 0 300 EAE r
s Er/&E [

j=x

3Q B (3-1006)

j=x

This arearepresenting the delta glistanceis put into ratio with the dotted area repr
senting the total demand of the mobility limited people. This ratio is defined by
3Q

[ 8 .
B I r 0300 (3-107

The closer this ratics to zerq the less usage demand of the mobility limited people has
beenomittedby the strategy.

Z
A

_‘_|-|-!
1}

R lpud,ER

P s l/)ud,ml

lpud,newReg PR I
"‘ /‘-\

' lpdriven

usage prevented

trfu tpos trulDep

Figure41 Areasthat express theeconctriteria for evaluation after Pas the] adiagram
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3 Theory: Stochastic Model for Safety Assessment

1 The OuT is worse compared to a young and inexperienced dfivEhe usage
should be hindered as much as possible.
The lastcriterionrepresented by tHeght grayarea inFigure42is formalized by

Q r 0300 8 (3-108

This distance is translated in a delta of events

Q
Q 3-10
TF TT 109
andrespectivelyto a difference in costs

0 of  of

(3-110

The closer this valuss to zerq the less additional cashave been introduced by ety
a less safe vehicle drive in real traffic.

I3
A

yumim Y
“|‘ wud,ER

lpdriven

usage prevente
trfu tpos trulDep

Figure42 Areathat expresssthethird criteria for evaluation after Pds the[ -0-diagram

3.6.4 Usage Strategy Simulation Result Analysis

A stochastic process for tliecurrenceof accidents and vehicle safety performance has

been defined. Based onthish e user sd asydweil ¢ gtadisve Bedreen soci et
discussedand a possible formalization has been givdo fulfill these requirements

different usage strategies have been proposedstudy these strategighe necessary

definitions and assumptions acencretizedfor the German Autobahiilot of 2013.

Based on these definitions and assumptidims introductionis simulated108times,
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3.6 Usage Strategy Examination

thus fully factorial To explain the effect of the changed parameters on the simulation
first a selection of simulations is studied in detail and secondvhi@ation criteria are
compared for alL08 simulations.

Exemplary Explanation of Simulation Results

An eachonce combinatory is exemplarily studied. Three out of four parameters are kept
constant and one is changed from simulation to simulationc ¢ 1 p Gimula-

tions of the 108 simulationsre thereforediscussed in dail. Given the evaluation
criteria defined abovethe driven velocity( 0 227) and the safety performance
estimation(" 0 ) arethe two main results from simuiah. These two main
results are now discussed for the 13 simulations in $ets First, Q | is varied (3
simulationsi set 3, then M'Q is varied (3 simulations set 9, thenQ s varied (3
simulations’ set 3, and lagly " s varied 4 simulations set 4.

‘Q  isvariedi the other parametesrare kept constant

The first result the velocity in every simulation step, is depictedFigure 43. The
double logarithmic scale is choserchuse of théroadvelocity range (yscale) that
coves 30 years and the importance of the first yearsa@ae) for the usage strategy.

22\/elocity[ in this context is still the average yearly velocity (incl. standstill while parking or the time
outside a use case). It must not be confused with the average velocity duringluSsageomparison,

equation(3-75) calculated R T8 v ¢ for one vehicle in Germany 201Bhus, the number
of automated driving vehicles can be approximated by ¢ J . The whole vehicle fledi
LU @ dp mdrovel ¢ @ (p ™ — (see equidon (3-76) on pagel06).
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wud,newReg
=P udml
_e_zbud,ER
— ¢driven for dtest,0(3)
"R allow for dtest,0(3)
= wdriven for dtest,O(z)
e ¢allow for dtest,0(2)
=7 7 7driven for dtest,O(l)
""""" wallow for dtest,O(l)
Year of Evaluation
Figure43 Smulationresulty overofor{ | p& | |} andMQ = @i be
toros BLi mipig gpwandQ s h & xPp migdoe@p p m E
The usage demands h s h  are not sensitive to the parametemeo
binatiors that are simulated thus these values are reference figures for all 13 aimul
tions To recapitulate the velocity[ expresseshe usage demand of newly

registered vehiclesThe velocitiess  result when assuming equipment ratios as
explainedm 3.6.2] | represents the usage demarftewassuming a certain mabil
ty limitation.

r andf are the values that are sensitive to the parameter combinations. The
allowed velocity is definal by equatior(3-60) and updated every evaluation. For
the simulationthe driven velocity is defined as follows

r o [ ET 1] (3-111)
The three pameter combinations iRgure 43 differ in the test distance driven ahead of
introductionQ . Please have a closer loal{ andr . At several points in
Figure 43, the lineslie on top of each othebDue to theline stylethe linesare distn-
guishableAs an exemplary qualitative interpretatjdghe following conclusions can be
drawn that are similar for the three parameter combinations:

1 Before year, the strategy would not idler the introduction compared to the-d
ployment given an equipment ratio like assumed above. This conclusion is derived
from Figure 43: the line (bluediamond) forf  is below the lines (green, red
and orangalashed) for
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3.6 Usage Strategy Examination

1 Thedriven velocities approach similar valuder all three parameter oo-
binations.
1 The upper limitation of reachedapproximately 10 of the total mobiliy

demand of today registered vehiclasnmaximum velocity is reached for which the
toleratedevent numbers will not be exceeded, gigetertainworstcaseestimation
of the safety performanc®
1 Comparing the allowed velocity ( with the demanded velocity by newly
registered vehicles ( ), the further introduction is hinderexdter one year
no matter whictstrategyis used
By changing the driven distance ahead of introduction ¢ , the following changes
reault and are derived frofigure43;

1 The mobility demand of mobility limited people would be fulfilled during the
whole examination time framexcept a little portion for themallest testing di
tance The line (turquoiseircle) for[ | is nearly always below the line for
I :

1 The higherQ i, the highern 11 . Consequently, the longer the usage d

mand of newly registered vehiclgs can be fulfilled.

§ Parameter combination one wifd ; p  ¢& Y TE [ is limiting the usage
from 0 p&Pp m A p E on (out of scope)The two lines (greedashed)
I and (greerdotted) are below

f The same happensater atd0 ¢ m A for parameter combination twwith
Q ;¢ ¢80 ¢ TE I. For this combinatiothe hindrance is smaller.

Figure44 presents the second result, being the safety performance Maloe®r time.

The depicted group of lines representsdtelutionof the fatal acciderievel of sever

ty. A similar group of lines exists for the discussiormofidens with injuries Not sens

tive to any parameter combination is the defined benchridirk  (blacksolide).

This is the reference for all simulatiosisidied.

In this set of simulationslso the assumed safety performance of the object under test is
not changing® . The blackdashed line is the value which thebest and worst
case estimations converge to.
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= «SF ouT
b SPbench
— | ISPOUT,best for dtest,0(3)
AEA ‘gﬁﬁfﬂfﬁl """ SPOUT,best for dtest,O(z)
,E %:?c, ::;:«- ....... SP OUT.best for dtest’ 0(1)
- ]()8 E . .:..:: J|m= ISPOUT,worst for dtest,0(3)
‘0"’:::': e e e D SPOUT,worst for dtest,O(z)
| . “ .~’. """" SPOUT,Worst for dtest,O(l)
sanunn® o A PoS
107 -------- ' B
102 107! 10° 10!
Year of Evaluation
Figure44 Simulationresult ™ overofor{ | p& Q| | andM-Q = 7 D

torodos BLi mipg $lpwandQ ; h ¢ xPp migdo@ p m E |

Conclusions that are the sanoe the three parameter combinations:

| The lightgreen bestase estimatio™)  converges from above against the
assumed safety performaride

f The redworstcaseestimation™ converges frombelow against the s
sumed safetperformancéY)

1 The best and worstcase estimations are not steadily increasing or decre#sng.
long as no further event occurred, terstcaseestimation of thé'Y0Oleads to
higher safety performance valuesf@action shape). Once a newesx occurred
this estimation is corrected. The fact that events are discrete occurrences leads to
the unsteady line for the SP estimationke speed calculationof equation
(3-60) depends on thavorstcaseestimation,thus also the allowed speed is-u
steady (se€igure43above).

1 The more distance has been driviiie smalle the safety performance uncertainty.

The facto——"— for accident with fatalities is approxately 00367 afterteg-
ing’Q  pmEI (0 m. Whereas when testin@ ; ¢& Y nE | the

factor reduces t6.00098 For comparisoft’, the ratio foraccident withpersonal
injury per distanced ) ‘hen drivinga carcompared to drimg a motorbikeis

228 Caution: Accidents with fatality per distance of motorbikes is not reported in standard statistics for
comparison.
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™ wp pfu in Germany” 2013 When comparing fatalities per distand®@r{ ‘&
factor of T8t @ v ¢pTp wesultd®.

1 Theworstcaseestimations cross the benchmark Jitteis a proof of higher séfe
is given indicated by upwards directitrgangles Depending on the teslistance
the PoS is reacheghrlier or later in the fourth year of usage

1 The more distance hdsendriven ahead of introduction, the earlier the proof of
safety is givenBut in this casdhe necessary distance for the proof of safety-is o
ders of magnitude higher than the testing distance. Consequently, the difference at
the time of the proof is small. tinese three simulationthe main distance for the
proof is collected dung usage.

M-'Q is variedi the other parametsrare kept constant

For the set of simulations studied now, the method how to derive the tolerated nhumber

of events is varied. The speed over time result is depictédyure45. The usage et

mand velocities havenét changed and can b
either is the simulation t hat -thinmestine)t he @D
The comparison of this simulation to the other leads

1 All simulations start with similar allowed speed@s . This is reasonable as on
the one hand the safety account realizes no delta in events, as no events have o
curred. On the other hanthe mobility replacement leads to little mdderated
events as thevorstcaseestimation isorders of magnitde lower than the reference
at the beginning of simulation

1 After approximately two mon#j the difference between the approaches gists
ble in the logarithmic plot

1 The approach following thei Becial Needs Safety Accound  ( b r-aramgkke s t
follows theusage demand of mobilifymited people as soon as the events due to
this usage demand get significant in comparisoinécevent numbers of the dete
tor limit 'Q . The allowed speed has a positive offset to the usage demartd of m
bility limited peopledue to the higher safety performance of tiogect under test
compared to thaexperiencedoung driver.

229 K{ihn, M.: Motorradunflle in Deutschland (2016), p. 10.
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Figure45 Simulationresulr overofor | |f
Account o,

9
1

Y

ud,newReg

——Yudmi

— dri’ven for S.N. Safety Account

mmw i//auow for S.N. Safety Account
for Mob. Repl.

¢a]]ow for Mob. Repl.

T for Detector’s Limit

driven

.......... ¢allow for Detector’s Limit

= Zﬁdriven

107! 10° 10

pe O | andMQ {fAS.N. ¢
. 0, p chgPpeoand@ t ;ohr ¢@wsy@p ImE Mi

Year of Evaluation

i Mob. Rep

Especially during the first year of usagiee diven velocities arelose togethefor all
three simulations. This is reflected in the second result depicteédune46. The safety
performancenorstcaseestimationfor the first yearseems to be the same for all three
simulatons. The zoom on the rigkide of Figure 46 shows theworstcasesafety pe-

f or mance

safety

estimati on

for the ASpeci al Needs

1 Forthesesimulation parametershe proof of safetyisfist | y r eacdied

bil

Ity

repl acemen.t 0,

then by the others

1 The zoom shows thénsteadyine that result from the discrete events.
1 Due to this unsteady coutgbe proof of safety or less safety needs to be combined
with a hysteresis or smoothingfilter to avoid alternating safety statements.
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Figure46 Simulationresult™)
Account o,
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"Q s variedi the other parameterare kept constant

andM-Q

10° 10! 385 3.9 395 4 405 4.1
Year of Evaluation

{ 8.N.

R e ppl . ftrppandicD e, th eqBot@

A major parameter affecting the introduction is the number of eventarthatefined as

the detectads limit'Q
societyos

detector

from

. In subsection3.4.2 the detecta® limit is derived for the
safety

t he

accidents with fatalities on Autobahn. This limit as well as two alternatiees simu-

lated™Q |
numbers i s

Thethree different simulations vary significantly:

T1F7Q

mhoho w For thesecombinationsthe method talerive thetolerated
t h e TieBientlaian towtcondesis illustrated kigure47.

is zerq the introduction and usage is hindered the trfeigure47 doesnot

st andze

even show the line for these values as it datsncreaseabove the level of 1000
km/h after 30 yearsTherefore less than 2000 vehicles anegligible within the
fleet of overu Tt p Trvehicles in Germanafter 30 years

1 ForQ

o the usage demand assumed based on a regular equipment ratio could

be satisfiedor approximatelyhalf a yearLater in timegthe limitationstill increases
but stronglyhinders the usage. Overate line (redmedium) wold converge to a
value below the usage demand of mobiiityited people.
o ws known from the two simulation sets from above.
With this number ofoleratedevents the demand of mobilityimited could beful-
filled. However, theegistration or activation of further demanded AD3+ vehicles

1 The third line of Q

would be hindered.
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(4

ud,newReg
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Year of Evaluation

Figure47 Smulationresuly overofor{ | p& | | andMQ = f be
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The estimation of thevorstcasesafety performance only improves when additional
information, thus additional distance and events are collected. Consequently, the safety
performance estimation for the same object under test is sensi@e to

1 If only minimal additional distance is driven, the estimation du#schange. For

Q 1t the line (redthinnes} depicts that. All estimations start at the same
level as the test distance ahead of introdudfony, is the same.

T Fr three events, as the det e-mdadiom)dre | i mi t ,
proof of safety is1ot reached during the 30 years of simulation

1 The third line (reebroadestis known from above. The proof of safety is reached

duringthefourth year ofintroduction.
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is variedi the other parametesrare kept constant

Above parametes were varied that actually cdme directly manipulatediuring real
application. The safety performandé
however it isunknownwhich level it has reached. Thuthe question studied now is

how the usage strategy will change depending on the safety performance of the object
under testFigure49illustrates the #ect on the allowed velocity:

can also be developed tohégher level,

1 The betterhe object under test, the higher the value of the allowed velocity at the
end of simulation.
' During the first monthuntil © T8t ¥A the allowed velocity of all objestunder
tests beside the worst one are the same.r€bidts fromthe fact that nomof these
vehicles had an accident with fatedg
1 The longer the simulation takethe broader the range of the differentoafed \e-
locitiesgets
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The reason fothesedifferent allowed velocities gets understandable Viiture 50.
Only the benchmark and the lines #rf  p& 3| |  are the same like in the
figures above. All othelines have changed due to the simulatigawrameterFor this
parameter combinatioalso the proof of less safety is indicated by a downwardstdirec
ing triangle(red). The following conclusions can be drawn from this figure:

T

=a
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For all simulationparameter cofrinations the best and worstcase estimations
converge against the object under test safety performance.

The two less safe objects are found to be less safe ag chanddo 1@ @A

The twosaferobjects are found to be saferat T Aandd o® VA

Besides the worst systepadl worstcaseestimations start at the same point. This
again happens as there has not been an event for any of these systegnghdurin
testing phase.

For{ | m i | the bestcase estimatiois calculatedthe first timeat

0 18t YA Before there is no bestase estimation because no accident withifatal
ties happened.



3.6 Usage Strategy Examination

Figure50 Simulationresult™  overofor |f e pa o | | and
M-Q = ADetect@r 6spddmpwandd ,;h ¢gogp nE|

To further analyze the impact of the usagtrategy parameterhe evaluation criteria
are presentefbr all 108 simulationgn appendixD anddiscussedhn the following.

Characteristic Value <7 j

For the108 defined parameter combinatigriie time in yearsor which the proof of
safety has been gives presented ifable18 andTable19 (seeappendixD). The error
probability and thesafety performance benchmark for the proot ahe same for all
parameter combinationsas explained in sectio.6.2 iUsage StrategyParameter
Assignmend o n 1@ha\g the PoSrequires a seviy sensitive examiation both
proofs of safetyare depictedonefor accidents withinjuriesthe other for accidentsith
fatalities. The interpretationfahis characteristivalue leadto:

| The firstproof of less safetjor accidents with fatalities reached ab 8w YA
for the worstOuT (® ™) , the wusage stratedghg fMoODbI
highest detector limjtand’ Q  p mE I. The first proof of higher safety is
reached ab 1@ G\ for the best OuTd) p Tt the highest detector limiand
with the longest testing distante  p mEI.
1 During 0 , the PoS is reached earlidre more extremehe ratio in safety pe-
formance betwee®uT and benchmarkd§ ) is.
1 The more has been tested before RAdearlierthe PoSs reached.
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