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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The prog¢edures used to develop this document and those intended for its further maintenance ate
describefd in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorialrules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attentioh is drawn to the possibility that some of the elements of this document may\be the subject pf
patent rights. ISO shall not be held responsible for identifying any or all such patentrights. Details pf
any patept rights identified during the development of the document will be in the Tntroduction and/¢r
on the IS0 list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the conveniénce of users and does n¢t
constitufe an endorsement.

For an ¢xplanation of the voluntary nature of standards, the-mganing of ISO specific terms and
expressipns related to conformity assessment, as well as infermation about ISO's adherence to the
World Trfade Organization (WTO) principles in the Technical Barriers to Trade (TBT), see www.iso.org/
iso/foreword.html.

This dodqument was prepared by Technical Committee\ISO/TC 22 Road vehicles, Subcommittee SC 36
Safety arld impact testing.

Alist of 3ll parts in the ISO 21934 series can befound on the ISO website.

Any feedback or questions on this documentishould be directed to the user’s national standards body.|A
completg listing of these bodies can be found at www.iso.org/members.html.
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Introduction

Different Active Safety and Advanced Driver Assistance Systems (ADAS), in the following both referred
to as active safety technology, have been developed and introduced into the market. The question that
goes along with the development and introduction is, what impact these technologies have on road
traffic and more specifically, to what extent these technologies prevent crashes and injuries. Such
questions are of relevance for different stakeholders, such as vehicle manufacturers and suppliers, road
authorities, research organisations and academia, politics, insurance companies as well as consumer
organisations.[1]

The answers to these questions are derived from assessment of such technologies in teynis of road
ttaffic safety. Different assessment methodologies have been developed in the pasthand are being
uped today.[2] In general, the utilized methodologies can be divided in two types of.asSessnjent. The
st type determines the technology’s safety effect after its market introduction’ Typically, in this
ajsessment type accident statistics are analysed in order to determine the difference betyeen the
agcident situation with the technology compared to a control group withoutthe technologyf!! These
ethods are called retrospective assessment methods. A precondition for tHese methods is|that the
téchnology under assessment has reached a sufficient penetration rate in‘the market and that qufficient
agcident cases with and without the technology are recorded for a ¢comparison. The penetration rate
dpes not necessarily need to be related to the whole vehicle fleet, but can also be related to p certain
vehicle subgroup or class.[2I-[5] On the other hand, there are nmiethods that predict the technology's
effect on traffic in relation to traffic safety before its market introduction.[6llZ] These methods are
called prospective methods using different approaches and€opls.

This document focuses on the prospective assessment of traffic safety for vehicle-infegrated
technologies acting in the pre-crash phase by means-of virtual simulation.

The safety performance of a technology is determined by means of comparing data from the|baseline
and treatment simulations based on a certain;ntetric. The baseline for the assessment is the pituation
ithout the vehicle-integrate technology under assessment present. The virtual simulation with the
technology is called treatment simulation:
The described assessment is limited to “vehicle-integrated” technology and does not |consider
te¢chnologies operating off-board.(The virtual simulation method per se is not limited to a certain vehicle
type. Although the main focus is. often on passenger cars, the method is also applicable to njotorised
tyvo-wheelers as well as heavy-goods vehicles. Furthermore, the assessment approach discussed in this
dpcument focuses ratheryon-accident avoidance and the technology’s contribution to the mitigation of
the consequences. Safety technologies that act in the in-crash or the post-crash phase are not ¢xplicitly
afldressed by the miethod, although the output from prospective assessments of crash ayoidance
technologies can be'considered as an important input to determine the consequences. The gxtension
of the method t6 technologies, such as automated driving and V2X based technologies, are dis¢ussed in
the outlook at'the end of this document.

general, the assessment of active safety technologies requires the consideration of interaction with
stirrounding traffic as well as the host vehicle driver. These interactions increase the complexity
of the*assessment due to the hlgh number of resultlng varlables Consequently, for a comp hensive

= os, in order
to cover all relevant c1rcumstances that affect the crltlcal 51tuat10n “and crashes. The virtual simulation
approach allows for running large numbers of test scenarios while offering a promising combination
of safety performance, flexibility, reproducibility, and experimental control. The need for using virtual
simulations in the prospective assessment of safety technologies is generally recognized. However,
standardized terminology and processes of methodological aspects to perform such assessments are
not available to date, which makes results hardly comparable.[!] For this reason, automotive industry,
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research institutes, and academia joined in the P.E.A.R.S.D) (Prospective Effectiveness Assessment
for Road Safety) initiative with the objective to develop a comprehensible, reliable, transparent, and
accepted methodology for quantitative assessment of crash avoidance technology by virtual simulation.
[1]

This document aims to provide an overview on the state-of-the-art in the prospective assessment
of road safety for vehicle-integrated (active) safety technologies by means of virtual simulation, see

Figure 1.

After the introductive Clauses 1 to 4, the general method for a prospective assessment study is
described in CTause 5, where special attention is given to the definition of the traffic safety evaluatidn
scope and the establishment of the baseline. Clause 6 describes various data that can be used as(ﬁut
for differrent tasks within the assessment procedure. Then a general virtual simulation framewﬁ( and
various $imulation models needed for conducting the simulation are presented in Clause %, followqd
by a desfription of the approaches to quantify the derived safety effect in Clause 8. A description pf
validatign and verification aspects as well as an overview on tools are given in Cl Clause 10 pf
the docyment provides a practical example of a comparative study of different simulation tools ard
discussep the lessons learned. Clause 11 provides conclusions as well as descri?& mitations for the

he-art methods. Clause 12 provides an outlook towards the prospective safety performange
assessment for automated driving as well as the follow up to the current docé\ent.

Subclausz 5.1 Subclause 5.2 Clause 7 Clause 8 Clause 9

Definition of the Virtual simulation Estimation of the

traffic safety Establlshment of with and without safety
. baseline -
evialuation scope safety technology efiectiveness

Validation &
verification

Qs

N
Data|(in-depth crash data, national/international crash data, NDS/ FO@Ta, infrastructure data, safety technology specification
dataftest/experimental data) N

¥
xO
Figure 1 — Overview of the process {%q\;%ospective assessment of traffic safety for vehicle-

inte¢grated safety technologies b)@ ans of virtual simulation and the structure of this
‘. document

1) PE.A.RS.is an open consortium (established in 2012) in which engineers and researchers from the automotive
industry, research institutes and academia join with the objective to develop a comprehensible, reliable, transparent
and accepted methodology for quantitative assessment of crash avoidance technology by virtual simulation. Partners
of PE.A.R.S. are (status Sep. 2020): Automotive Safety Technologies, AZT Automotive, BMW Group, Federal Highway
Research Institute (BASt), Chalmers University of Technology, Continental, Denso, Fraunhofer IVI, Generali, RWTH
Aachen University (ika), LAB, Swiss Re, TH Ingolstadt, Technical University Dresden, Technical University Graz, TNO,
Toyota, Technical University Dresden, TUV Siid, University Leeds, UTAC CERAM, Virtual Vehicle, Volkswagen, Volvo

Cars, VUFO, ZF. More information at https://pearsinitiative.com/.
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tate-of-the-art and general method overview

Scope

his document describes the state-of-the-art of prospective methods for "assessing t
erformance of vehicle-integrated active safety technologies by virtuahsimulation. The
pscribes how prospective assessment of vehicle-integrated technologies provides a pred
bw advanced vehicle safety technology will perform on the roads ifnreal traffic. The focus
ssessment of the technology as whole and not of single components-of the technology (e.g. sen

he described assessment approach is limited to “vehicle-integrated” technology and does not
chnologies operating off-board. The virtual simulation snéthod per se is not limited to {
bhicle type. The assessment approach discussed in this deciment focuses accident avoidancy
chnology’s contribution to the mitigation of the conséquences. Safety technologies that act

ash or the post-crash phase are not explicitly addressed by the method, although the out

btermine the overall consequences of a crash.

surer, governmental organisation,;cénsumer rating organisation) could apply the method.
Normative references

dispensable for its application. For dated references, only the edition cited applies. For

pferences, the latestedition of the referenced document (including any amendments) applies.

0 12353-1, Raad vehicles — Traffic accident analysis — Part 1: Vocabulary

Terms and definitions

e safety
ocument
ction on
is on the
sors).

consider
W certain
e and the
n the in-
but from

Fospective assessments of crash avoidance technologies can be considered as an important input to

he method is intended as an overall reference for safety performance assessment studies of gre-crash
chnologies by virtual simulation. The niethod can be applied at all stages of technology devélopment
nd in assessment after the market introduction, in which a wide range of stakeholders (manuffactures,

he following documents;’in whole or in part, are normatively referenced in this document and are

undated

prthe purposes of this document, the terms and definitions given in ISO 12353-1 and the flollowing

apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

3

A

levels of automation
levels that primarily identify how the “dynamic driving task” is divided between human and machine

N

ote 1 to entry: See Reference [8].
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baseline
initial set of data to which the performance of the technology under study is compared when performing
prospective assessments (3.7) of the technologies' performance

Note 1 to entry: This concept also complements treatment (3.13).

3.3

cooperative

applications based on vehicle-to-vehicle, vehicle-to-VRU and vehicle-to-infrastructure communication
3.4

host velticle

vehicle, which is subject for assessment, i.e. is equipped with the technology in the treatment simtlatiqn
3.5

injury risk function

description of the probability of an injury in relation to crash attributes

Note 1 to|entry: The most frequently used injury risk functions describe the probability.of an injury occurren¢e
in relatiop to crash severity, e.g. impact speed or change of velocity.

3.6

projectipn

indicateg what the future changes in a population would be if the asSumptions (often based on patterns
of changg which have previously occurred) about future trends detually occur

Note 1 tofentry: Population projections - in the sense of Reference[9] - are estimates of total size or compositign
of populafions in the future, see Reference [10].

3.7

prospective assessment

assessment of the performance of technologies in-a predictive way

Note 1 tolentry: The assessment can be done, fonexample, before their deployment into a vehicle population.

3.8

target pppulation

all situatlions or accidents that are(addressed by the function under assessment

39

real-world data

data collpcted in a non-experimental, non-virtual situation

3.10

retrospective assessment

assessment of the'performance of technologies after their deployment into a vehicle population

3.11

time series

series of data points indexed (or listed or graphed) in time order

3.12

traffic situation
crash-, near-crash or normal driving situation whose description can be considered for the
establishment of the baseline (3.2)

© ISO 2021 - All rights reserved
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3.13

treatment
use of a specific technology to affect the course of an event in a traffic situation (3.12) in order to avoid
or mitigate crashes

ISO/TR 21934-1:2021(E)

Note 1 to entry: Treatment simulations provide data on the performance of the technology under assessment
to compare with the baseline (3.2) data when performing prospective assessments (3.7) of performance of
technologies.

Note 2 to entry: This concept also complements baseline (3.2).

3
t¢
d

14
pst scenario

pte 1 to entry

15

btailed description of trajectories, geometrical relations, speeds, etc. of a traffic situation (3.12

: See References [11]-[13].

bhicle-integrated

technology under assessment operating on-board of the vehicle

4 Symbols and abbreviated terms

41 Symbols

E| Effectiveness / safety performance

N Weighted frequency of the metric {€.g. percentage of crashes) in the simulation without
the technology under assessment

A Weighted frequency of the metric (e.g. percentage of crashes) in the simulation|with the
technology under assessment

1% Velocity

42 Abbreviated terms

ACC Adaptive Cruise Control

ADAS Advance Driver Assistance Systems

A[EB Autonomous Emergency Braking

BAAC Analysis report of road accidents involving physical injury (France)

BJASt Federal Highway Research Institute (Bundesanstalt fiir Strafienwesen)

CEDATU Central Database for In-Depth Accident Studies (Austria)

CIDAS China In-Depth Accident Study

EES Energy Equivalent Speed

ETAC European Truck Accident Causation

FESTA Field opErational teSts supporT Action

FOT Field Operation Test

© IS0 2021 - All rights reserved 3
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GIDAS German In-Depth Accident Study

HIL Hardware-in-the-loop

IEC International Electrotechnical Commission

ITHS Insurance Institute for Highway Safety

IGLAD Initiative of Global Harmonisation of Accident Databases

ISO International Organization for Standardization

ITARDA Institute for Traffic Accent Research and Data Analysis

J-TAD Japan Traffic Accidents Databases

KBA German Federal Motor Transport Authority (Kraftfahrtbundesamt)
LDW Lane Departure Warning System

LIDAR Light detection and ranging

MIL Model-in-the-loop

NASS National Automotive Sampling System

NDS Naturalistic Driving Studies

RAIDS Road Accident In Depth Studies

P.E.AR.S. Prospective Effectiveness Assessment for Road Safety

PTW Powered Two Wheelers

RASSI Road Accident Sampling System - India

SCP (cr/ql) Straight Crossing PathsTcyclist from the right / cyclist from the left)
SIL Software-in-thé-loop

TTC Time to collision

V2X Vehicléto X (Vehicle and / or Infrastructure) Communication
VIN Velhicle identification number

VRU Vulnerable Road User

V&V Validation and Verification

5 Evaluation objective and baseline of assessment

5.1 Definition of the evaluation objective

Since there are numerous objectives to conduct prospective safety performance assessments, it
is important that a precise research question for the assessment is formulated. Then by identifying
relevant traffic situations - the target population - to address the research question, a more precise
specification and application for a virtual simulation study is provided.l4] Figure 2 shows the place in
the process overview.

4 © IS0 2021 - All rights reserved
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Definition of the Virtual simulation

Establishment of Estimation of the Validation &

traffic safety . with and without . o
. baseline safety effectiveness verification
evaluation scope safety technology

Figure 2 — Overview of the process — Definition of the evaluation objective

Varicus-ebiectives—to-conductsafebr-performance-assessients-have-beenidentified 1l +ha
I TUUO \}UJ\/\(LIV\/J LU CUITUUC U oux\,\,_y }I\.zl ITUTTIITUIICC dOoOoCOJIIIVIILO TIdVe ULUITI TULIIULITICYU, A2 4D Sy

e: q/'\

- quantification of effects (positive and negative) of a certain technology in terms (;{Qa fic §

o8]

- prioritization and optimization of safety technologies during research and dgs%pment;

- identification of business opportunities and anticipation of regulations aﬁgg?)nsumer test

]

irthermore, two types of processes are used to formulate the target fo;@l‘s kind of studies.

\

— A technology-driven process in which a request is put forwar stimate the safety be
safety technology. This technology can be more or less defin he time of the study; it ¢
idea, a concept, a product under development or a product t&already has been implemsg
not introduced into the market (also often called a bottoméup approach).

traffic situations are identified. In this case, the et for the study is not linked to a p
safety technology but to a targeted lack of saf\eé@j Iso often called top-down approach).
Hence, it is important to note that if results&exc'ween different studies are compared the
1lestion needs to be a) accessible and b) pt‘e\@sely formulated. This requires to rephrase the
bking additional information such as: “What type of safety technology will be evaluated?”, “W
s¢gments will be addressed (pre-impact\@cuation, traffic participants, type of road, etc.)?”, “W
hprizon is being considered?”, “Shou e installation rate of an optionally equipped safety te

— A traffic safety-driven process in which existing o§ (gpected safety problems or certain

L O

i} the vehicle fleet be considered?’ “What metric is suggested for the safety effect?”, “Wh
expected accuracy of the result?”,What could change the consequence on the road, if the c
efjuipped with new safety te@»ologies?".

An adequate example of (properly formulated research question is: What is the relative chang
-cyclist crashes du;@én autonomous emergency braking (AEB) system with 100 % penetr3

— =+

1} a specific car in n car-to-cyclist situations in Germany in two years from now?

Opnce the rese @question is set, relevant traffic situations for virtual simulation can be ident

example th finition of a target population for the study. Relevant traffic situations can beg
by, e.g. sis of retrospective crash data, naturalistic driving studies, and knowledge
dprin nology development. The outcome of the identification process is an overall descrij
q

hantification of the traffic situations and the involved traffic participants of the simulation
pimnies to analysis of real-world crash or near-crash data, various types of classification sche

(@)

ain ones

bafety;

ing.

nefit of a
an be an
nted but

relevant
articular

research
question
hat data
hat time
thnology
at is the
ars were

be in car-
tion rate

ified, for
derived
bathered
tion and
When it
mes can

be used to set boundaries for the study. Especially important aspect is pre-impact relative movement
of involved traffic participants before a crash or near-crash. One example is Straight Crossing Path
scenarios (from right: SCPcr / from left: SCPcl), where the car was moving forward, and the cyclist was

crossing the path either from left or right, see Figure 3. The pre-impact situation is often acco

mpanied

by pre-crash-factors that include parameters that may have influenced the course of events before the
crash. Examples are speed-related measures, driver status, and traffic environment related factors such

as light condition, road layout, and road status. In addition, the crash configuration can be of
e.g. the impact point and direction.

© IS0 2021 - All rights reserved
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SCPcr Straight Crossing Path, cyclist from
right

SCPcl Straight Crossing Path, cyclist from T

left
l N
SV

Figure 3 — Example from a pre-impact situation classification scheme [L'ﬂ[li!]\.q/

4

To summarize, for a fictitious version of an AEB system addressing the example r &arch questid

above, tHe target population could be expressed as; SCPcr and SCPcl situations duril’lﬁ:da light on road
with lang¢ markings and where the driver is visually distracted. Q‘

At this stage it important to mention that the metrics to be used for estimating technology’s safet
performance consider the potential impacts and the required input data. establishing a baseliy

according to the target population (see 5.2), the outcome of simulatio “With and without the safef

technology will be compared by this certain metric. Details withée@ect to the topic “metric” ar

present

d in Clause 8.
QQ

5.2 Esgablishment of baseline g\\§\

When target traffic situations are identified which ress the research question, a detaile
measuraple definition of these situations for the up ing virtual simulations is provided, i.e. th
baseline| In general, the prospective safety perforrﬁe assessment conducts a comparison betwee
traffic sifuations without and with the technolo y&mder assessment. Thus, the baseline refers to th
situation] without the technology under asses
needed to evaluate both positive and negati erformance, according to the evaluation objective. Th
establisiment of the baseline defines th erence to be used in the upcoming simulations and a reg
world reference is essential. Figure 4 shows the place in the process overview.

nt present. This includes traffic situations that ar

n
Is

y
le

y

d,
e
n
e
e

&
1-

Definition of the . Virtual simulation . .
. Establishrent of . . Estimation of the
traffi.: safety o with and without .
bascline safety effectiveness

Validation &

‘ erification
evaluation scope safety technology =

Figure 4 — Overview of the process — Establishment of the baseline

Three ma@?ﬁroaehes are distinguished where the cases in the baseline are generated in differel

Nt

ways:

— baseline with original cases of real-world traffic situations,

— baseline with modified cases of real-world traffic situations,

— baseline with synthetic cases based on relevant characteristics of real-world traffic situations.
Below are explanation of each respective baseline.

— Baseline with original cases of real-world traffic situations

In a straightforward application, the baseline corresponds to real-world traffic situations that have been
reconstructed from crash data or other sources such as NDS/FOT datasets. The cases are represented

6 © IS0 2021 - All rights reserved
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according to parameters found in the corresponding database (e.g. collision speed and collision angle).
[17]-[21]

Furthermore, the crash database parameters can be used in a model to perform a reconstruction of
the cases, thus simulation is used to recreate real accidents in order to have a detailed, numerical time
series description of the cases in the baseline. An example of this approach is the German In-Depth
Accident Study (GIDAS) based Pre-Crash-Matrix (PCM).[22] Typical parameters needed in the PCM
database are vehicle trajectories and speed related measures, crash configurations, sight obstructions,
information on the traffic environment and driver behaviour.

- Baseline with modified cases of real-world tratfic situations

Als crashes reported in the database reflect the actual crash, with possibly rathef. old |vehicles,
ré¢plications of the traffic situations with a modern vehicle can be performed, i.e. a_ re4simullation to
establish a baseline with more recent properties of the vehicles involved.[20]1123][24]

Alnother challenge in crash databases is the limited information on pre-crash pavameters, for|example
vehicle trajectories and driver behaviour such as inattention or drowsiness that can be influenced by a
safety technology. The use of recorded crashes such as in naturalistic driving studies or usagd of event
dhta recorder data can enable more qualitative estimations when available.

Iff the crash sample does not provide a sufficient representation of the traffic situation identified based
oh the research question, sampling techniques can be used to create random, synthetic cases based
oh marginal distributions of event related variables.[22] Hotvever, in contrast to the next approach,
presented below, the synthetic created cases still reflect the.original traffic situation.

—+ Baseline with synthetic casesbased onrelevantcharacteristics ofreal-world traffic situations

Chses for a baseline can also be generated based enthe understanding of contributing factorsfinvolved
in the targeted traffic situations; the crash mechanisms.[26]-[28]

Once these mechanisms are revealed, the'situation is modelled using distributions of |selected
pprameters. Sampling methods, for example Monte Carlo simulations, can be used to yary the
characteristics of the cases in the ‘baseline, such as driver reaction/response as well a$ vehicle
pfoperties, vehicle trajectories, and-traffic and environmental variables.[22] When the simulations
fgr generating situations are performed, only a portion of the cases in the baseline might enfl up in a
pllision. The baseline then consists, besides cases where a collision occurs, also of cases Without a
llision or risk of a collision* These cases can be used to investigate situations, where an aftivation
ight not be desired or required.

(@)

C

10§

The baseline is to bécused in virtual simulations, with and without the safety technology present. The
cpmplexity and thieslevel of detail depend on the way the baseline has been represented and {to which
degree the saféty technology interferes, e.g. to the way that the driver, the vehicle, the surfounding
traffic etc. are modelled. The virtual simulation framework and the various models ne¢ded are
dpscribeddn Clause 7.

6 Cclnput data

6.1 General

Input data are required for different tasks within the process of assessing a technology’s safety
performance by means of virtual simulation. These tasks are:

— establishing the baseline of the simulation (see Clause 5.2);

— development, training and parametrisation of models used in the simulation tool - in particular
traffic participant (e.g. driver) behaviour models and injury risk function (see Clause 7);

— performing subsample weighting analysis and projection of simulation output (see Clause 8);
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— validation and verification of the simulation as well as its models (see Clause 9).

In relation to these different tasks and with regard to the research question, the quality and
representativeness of the data sample are important and relevant aspects throughout the process.

In general, a wide range of data is necessary for prospective safety performance assessment. Although
in most cases, data from real world are used, the input data do not necessarily need to be gathered
in the real world. Verified data from previous simulations or data collected in specific tests may be
used as input data for the assessment as well. In the following, the most common relevant data sources
are presented and discussed. These sources are (details on the different sources are provided in the
sections[below]:

— safety technology related data;

— accidlent data (general and/or in-depth data);

— datalfrom naturalistic driving studies (NDS) or field operation tests (FOT);

— infrgstructure and traffic data;

— testata gained in a controlled environment, such as test track or driving-simulators.

In Table] 1 the typical data sources are mapped to the tasks of prospective safety performange
assessment.

Tablel1 — Overview on often used data types for the different tasks within the prospective
safety performance assessment

Active safe- | Accident |Accidentdata| NDS/FOT | Infra-struc-| Testdata
ty technol- | data (gen- (in- data ture and (test track,
ogy related | eral data) traffic data | simulator)
data AN

Establisijing the

baseline |- direct input X X X (X)

(see 5.2)

Establisljing the base-

line - mqdified input X X X (X) (X)

(see 5.2)

Establisiing the

baseline |- stochasti-

cally genfrated input A (X) X X X (X)

(see 5.2)

Developthent of mode

R ,&§ (X) X) X X X X

Data pro ection@s)‘

Clause8] X (X) (X) X

Validatid n%'h{/erifica-

tion (seelctatse9y (X) (X) X X X X

NOTE ‘X’ marks commonly used data sources, ‘(X)’ marks rarely used data sources.

6.2 Active safety technology related data

The purpose of the prospective safety performance assessment is to determine the safety effect of
a certain technology. To perform the assessment, specific information about the technology under
assessment is required. The information describes under which conditions (e.g. speed range and
environmental conditions) the technology operates, which conditions lead to deactivation as well as
how the technology performs its function - sensing, controlling, actuating.[20] For an active safety
technology, the intended situation is typically a critical driving situation, such as a potential collision
with another object or an unintended road departure. The relevant information can further be split
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into information related to the activation of the technology and information related to the behaviour of

the technology once activated (e.g. type and strength of technology intervention).[31]

The required data are provided by a description, by a model or is derived by means of separate tests

[see further information in the subclause on data from tests in controlled environments (6.6)].

6.3 Accident data

One of the most important input data sources for the prospective safety performance assessment is

data that describe accident situatjons. In general, two types of accident data are available
agcident data and in-depth data.

—

fternational representative level. Typically, the data of such databases provide parameterg
total number of accidents, or the number of accidents with a certain level of injury-as reporte
blice. Thus, most of these databases contain the exhaustiveness of the road accidents but with
btails. A classification of the pre-impact situation, the road type, at which the ‘accident occur

jmi oo

sfich as intrusions or reconstruction parameters are not reported in these databases. An over
fdw selected databases that provide general accident data is given in Table 2.

Table 2 — Overview on selected general accident databases according to Reference

: general

The general accident data describe the accident situation on macroscopic level - ofter)on naftional or

like the
ed by the
very few
5, and /or

le involved vehicle type is mainly available but not necessarily reported 211-{33] [n-depth infprmation

view of a

[35]

IDatabase Collected inﬁ,@}tion (examples)

UNO / WHO Traffic fatalities and injuries

des Nationally~representative sample of police-reportéd motor
vehiclelcrashes of all types, from minor to fatal
Combining different national European statistics including

(ARE parameters, e.g. person class, gender, age group, vehidle group,
eollision type, lighting and weather conditions, day of the week
Crash data (e.g. fatalities injury crashes by road type, fjoad user,

IRTAD age), exposure data (e.g. vehicle kilometres driven) gdnd other
safety data (e.g. seatbelt waring rates)

National statistics (e.g. in Germany Federal Sta- | Among other parameters traffic fatalities and injuries| the type

tjstical Office of Germany or BAA€ in France) |ofaccident and VIN

Statistics on regional level (e.g.statistical offices | Among other parameters traffic fatalities and injurjes, more

df the German states) detailed type of accident

Ig-depth accident databases provide detailed information about the accident and the sequence
bpit for a limited-number of road accidents. Such databases exist in different countries as ind
Thble 3. Thesé ddtabases either cover specific regions of a country, the entire country, acci
a|specific caybrand or accidents with different accident severity (e.g. with material damage,
dtalities).In case only specific regions are covered by the database, the representativeness of
fr theeountry needs to be checked.[2361[37] For single accidents many parameters are colle
dpeseribe the accident sequences, the condition of the involved vehicles as well as the envirg

condition {see e.g- GIDAS Codebookl38l). The data can either be logged by accident event recd

of events
cated by
lents for
injuries,
the data
rted that
nmental
rders(34]

TTorrcroTT F

or are determined by means of accident reconstruction.[32] In the context of prospective safety
performance assessment, the in-depth accident data are used for nearly all previously-described

purposes (see Table 1).

Table 3 — Example in-depth accident databases

Name Country |Number of param-| Number of | Start | Number of analysed | Reference
eters regions year accidents
CEDATU Austria ~1 000 (approx. Whole 2007 Up to 200 cases each [39]
400 core variables) | country year
CIDAS China ~2000 5 2011 ~ 550 each year [40]
© IS0 2021 - All rights reserved 9
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Table 3 (continued)

Name Country |Number of param-| Number of | Start | Number of analysed | Reference

eters regions year accidents
ETAC Europe ~3000 8 2004 624 (finished) [41]
GIDAS Germany ~2000 2 1999 ~ 200 each year [42]
IGLAD World approx. 110 Worldwide | 2007 | ~800-1000 each year [43]
ITARDA’s ]-TAD Japan ~70 1 1993 ~ 300 pro each year [44]
NASS-GES USA ~250 6 1997 |~2 500-5 000 each year [33]
RAIDS UK ~3000 2 2012 >1300 [45]
RASSI India ~700 5 2011 ~2 000 (Jan. 2017) [46]
Insurarlce in-| Different company-specific databases are available that focus on material dam- [47]
depth dafabase age claims.

6.4 Dgta from naturalistic driving studies and field operation test

From fie]d operational tests (FOT) and naturalistic driving studies (NDS) diffefent information can he
derived, which is of relevance for the safety-performance calculation. Basically, FOT and NDS[42] provide
data of dertain driving situations (e.g. critical driving situation) as measured by the vehicle’s sensors.
The vehifle records data regarding the environmental conditions (e.g. weather condition, road type?
the vehigle’s condition and movement (velocity, acceleration etc.) asiwell as the driver behaviour ard
driver rdaction (e.g. steering wheel angle, brake pedal position) pbssibly enriched with video data.l30]
[31] In contrast to the detailed accident databases, the movement.of the vehicle as well as the relatiye
position jof surrounding objects in (close to) critical situations.are measured by on-board sensors of the
host veh|cle and not reconstructed from on-scene investigatiohs. Example FOTs and NDSs are shown |n
Table 4.

—r
<

During HOT and NDS studies typically only few critical)situations and hardly any accidents are detectefl.
Moreove, critical situations are not consistently defined between the different studies.[52]

Next to the situation related data, FOT and NDS-provide aggregated data about the measured behaviour
of driverss, technologies, and vehicles in thewhole study. Consequently, the focus of the aggregated data
is rather|on general driving behaviour than'on single driving situations.[42] Examples of such aggregatdd
data are|distributions of driven velocity or the travelled distance in the study. The aggregated data cgn
be used for example for V&V, for dévelopment of models, and for data projection.

Table 4 — Overview on example FOTs and NDSs based on Reference [53]

»

Name Type of Region Number of |[Number oftest| Duration
09 Study vehicles persons
100 car rjaturalistie.driving study NDS USA 100 ~240 2001 - 2002
Drive recprder database for accident/ NDS Japan 198 N. A. 2006 -

incident ptudy'and its potential for
active safety development

euroFO lI FOT Europe ~1 000 ~1 200 2008 - 2011
(4 countries)

TeleFOT FOT Europe N. A. ~3000 2008 - 2012
(8 countries)

SHRP2 NDS USA 3102 ~3000 2010 - 2012

Sim TD FOT Germany 400 N. A. 2008 - 2012

U-Drive NDS Europe 210 320 2012 - 2016

(7 countries)

2) Road type in terms of infrastructure, meaning urban, extra-urban / rural road or motorways.
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6.5 Infrastructure and traffic data

Data about infrastructure and traffic mainly link the occurrence of specific driving situations and
accidents to the general traffic situation.[>4] Governmental or public-sector institutions usually provide
this kind of data. In Germany, information about traffic and infrastructure is for instance available at
the Federal Motor Transport Authority (Kraftfahrtbundesamt - KBA), the Federal Highway Research
Institute (BASt), the Federal Ministry of Transport and Digital Infrastructure, the Federal Statistical
Office of Germany as well as at different departments on state level. In Sweden, such data can be
acquired at, for example, the Swedish Transport Administration and the Swedish Transport Agency.

frastructure and traffic data can also be used for the parameterization of the baseline asw well as for
e validation and verification of conducted simulations. Qq/
616 Data from tests in controlled environments '\

Input data can also be collected from specific tests that are conducted under f\écigolled conditions for

istance on test tracks or in driving simulators.[52] This type of tests is spe ally conductefd in case
r¢quired data for the development or validation of simulation models is 1 ng

—

IE the driving simulator both the environment and the vehicle are \presented virtually.[>p] Hence,
the focus of studies using a driving simulator is mainly on the d@r Data are often used to define,
hrameterize and validate driver behaviour models.

p
Tests on a test track allow to take the real and realistic dyé(lc behaviour of the vehicle into|account.
[36] Therefore, typically test track data are used to defin rameterize and validate technicdl models

uped by the simulation. Additionally, studies 1nvest1gat1 river behaviour may be conducted|on a test
track. Q)
)

7 Implementation of virtual simul
K\
.1 General \,O

brformance assessment. In general, the actual implementation of simulation models strongly|depends
h the objective of the ass
ttaffic situation. Therefor
including simulation mo

7
This clause discusses the theoregh\‘gésw for conducting virtual simulation in the prospectiye safety
p
0

es nt as well as on the complexity of the analysed research question, and
is clause provides a general overview about the simulation frgmework
. Figure 5 shows the place in the process overview.

\

Definition of the . Virtual simulation . .
. Establishment of . . Estimation of the
traffic safetv . with and without .
. baseline safety effectiveness
evaluation scove safety technology

Validation &

verification

?\
5

Figure 5 — Overview of the process — Implementation of virtual simulation

7.2 Simulation framework

The simulation framework describes the overall set-up of the simulation as well as the sub-models used
and their interaction. Hence, the simulation framework is capable to handle all approaches as described
in 5.2. Furthermore, it needs to be capable of simulating the technology under test. A general simulation
framework architecture can be found in Figure 6.

The simulation framework consists of four main parts: the vehicle under test, the vehicle surrounding,
a collision and a simulation control module. The vehicle under test consists of three models: vehicle
model, sensor model and function logic model. The latter two are part of the safety technology under
assessment. The driver model is an independent model that is mainly used in the vehicle with the tested
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technology. However, the driver model can also be applied in the vehicles of the surrounding traffic. The
vehicle surrounding holds three models: an environment model, a traffic situation model and a traffic
model.

This general framework covers all possible aspects. However, not all mentioned models might be
required for answering specific research questions.

Simulation control

Vehicle Vehicle
surrounding
Vehicle
Environment model
model - -
(Safety technology
Traffic Sensor Collision
situation model model model

Traffic Function logic

model model
| |
| |
| Driver ]
| model |
| I
| N p—————— W\ J

Figure 6 — Simulation framework.architecture based on Reference [1]

7.3 Simulation tool

The exedution of the prospective safety performance assessment requires the implementation of the
framewqrk in a tool (commercialrorin-house developed). Currently, there are different commercigl
tools as ell as in-house developmeénts used for the prospective safety performance assessment. A lipt
of differ¢nt exemplary tools used for the virtual simulation is given in the Annex A.

UT

7.4 Simulation models

In this Jubclause theindividual simulation models of the architecture presented in Figure 6[1 afe
described. An overview about the interfaces of each model (input and output parameters) is given |n
Annex B

7.4.1 fehiele-model

The vehicle model includes all relevant parameters to simulate vehicle dynamics in the required
degree of freedom as a response to the driver, environment, and safety technology inputs. Typical input
parameters are propulsion torque, brake torque, and steering or road wheel angle. Output parameters
are, among others, global position, speed and accelerations. Furthermore, vehicle dimensions, shape,
and coefficient of friction of the road-tire interface are essential. Independent of the application, a base
vehicle model is needed to determine the effect of technology’s response on the vehicle dynamics.

The complexity of the used vehicle model strongly depends on the research questions and the safety
technology under assessment. Often simplified driving dynamics are considered to be sufficient, for
example a point-mass model for longitudinal dynamics. When lateral dynamics are considered a linear
or non-linear single track model is often required.[>7]
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In order to simulate the behaviour of certain components more realistically or when the technology
under assessment requires specific input, the degree of freedom is typically increased or models
might be constituted of more detailed sub-models. The degree of complexity of sub-models depends
on the assessment scope. A detailed tyre model can be included in case the slip of the tires needs to be
known or the vehicle interaction with the road under different conditions is an important factor.[58]
This is especially the case if the limits of vehicle dynamics are triggered by the application. Another
important sub-model - in particular for technologies that intervene in the longitudinal movement of
the vehicle - is the brake model. Such models might consider the delays in the braking system, the brake
jerk[22] or might provide results based on the control behaviour of the anti-lock systems. In case of
intervention in the lateral vehicle movement and dpppnding onthe intervening system a detailed model
[ the steering system might be required. A detailed suspension sub-model might be requirgd if road
ekcitation is relevant or if the vehicle body motions (especially pitch and roll) inducedby/braking or
steering interventions are used by other models, for example the collision model. Finally,a powertrain
odel might be included to consider the influence of motor acceleration and drag torque op vehicle
ynamics.

o

ther directly as no common input data format for vehicle dynamics solvefs.exists. Even if transferred
anually, results might not be comparable due to different internal modelling approaghes and

n
d

Ukually, vehicle model parameters and modelling details cannot be transferred from one solver to the
0

1

nhimerical solver implementations.

N

4.2 Safety technology model

—3

he model describing the safety technology consists of three different components: the sensors that
¢nse the environment of the vehicle including the other“traffic participants, the function Ipgic that
bscribes the response according to the given situations'from the output of the sensor systeny and the
Ctuators that put the decision of the logic into a vehicle response. For the simulation in the¢ context
[ the prospective safety performance assessment, the focus is mainly on the sensor and thefunction
gic.[2% The first two sub-models are describedtin more detail in 7.4.2.1 and 7.4.2.2. The actupitors are
Ften considered in a simpler way or are considered as a part of the vehicle model (see above braking
b-model).

— 0 » oW

©n O

714.2.1 Sensor model

The sensor model describes the relevant parameters of a specific sensor used by the technology under
ssessment. The sensing of<the environment is a crucial part of the active safety technolggies and
therefore, needs to be addressed carefully. Typically, sensor types used for active safety teclinologies
are cameras, LIDAR, radar and ultra-sonic sensors. Since this document addresses the method to
eyaluate technologi€s;details for the sensors are not discussed here.

jo5)

The level of seqsor modelling can range from very straightforward ideal sensor models lased on

s¢nsor position-at the vehicle, sensor orientation, 2D field-of-view and range, latency times, isibility

r¢strictioms;and update ratesl®l] to detailed physics-based models. Detailed physics-basefd sensor

odels may additionally consider parameters like detection characteristics and probabilistif effects.

[62] In gOntrast to studies that consider sensor effectiveness, the need for a high level of detajl for the

s¢rser model is limited for safety performance analysis dedicated to the entire active safety system.
. P . ! z . ! R z . . z . . ~ . raIeters.

C O ype I1dS d CI'c dl'd dI10 crelore, d d CI'C cicVd Ol PpdI'd

Depending on the evaluated technology, different numbers and types of sensor models need to be
considered. For instance, an AEB system can use a camera and radar sensor to observe the front
environment of the vehicle. If more than one sensor is used also the aspect of fusing the information of
different sensors gains more importance.[3] To which extent this aspect is considered for the simulation
depends on the scope and purpose of the assessment.

A further important aspect in the context of sensor models is the simulation of failure behaviour of
the sensor. Herewith a distinction is made between simplified ideal models that consider no failure of
the sensor measurements and models that consider failures like measurement inaccuracies, detection
losses and ghost detections.
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7.4.2.2 Function logic model

The model for the ADAS and safety function logic describes the characteristics of the safety technology
itself. The model defines the technology’s reaction/interaction based on the sensor and vehicle model
inputs (including system latencies). The safety technology model is the focus of the assessment.

A model of the function logic of the safety technology is a combination of processing the information
from the sensor model(s), derivation of the decision and control models (algorithms).

The decision and control algorithm could be a detailed model (often proprietary),[12] a model derived
based oy datafrom expertmenta testing of am existing systenr,For—asimpte;, conceptuat model
descriptjon.[3%] For the assessment, the function needs to be integrated in the simulation. This, ¢gn
either bg done using hardware-in-the-loop (HIL), software-in-the-loop (SIL) or model-in-the-logp (MIL)
simulati¢pn. For simulation, the function logic is often implemented in Matlab/Simulink, Crcode, repl
productipn code, controller or system.

7.4.3 Environment model

The envjronment model describes the characteristics of the simulated surréundings in which the
simulati¢pn is conducted. Environment models are typically used to deteymine the sensitivity of|a
technolojgy under assessment with respect to certain limitations such as &#igw blocking obstructionis,
deteriorated visibility conditions (low light, glare, fog), or road conditions.

Dependihg on the required details, the environmental model can include information about the following
aspects:|road/infrastructure characteristics (e.g. width, length;)curvature, surface, profile, frictiop,
pavemer]t, and lane markings), traffic regulations (e.g. traffic signs, traffic lights), (temporarily) statjc
objects (p.g. trees, parked cars, buildings), illumination (e.g. diffuse or spot with separate street lightg),
and weafher (e.g. rain, snow). The characteristics of singléZobjects (such as reflectivity as function pf
wavelength) could also be specified by this model. Typically, the level of provided details of the objects
is alignefl with the specification of the sensor model.

In general, the environment model including the read is defined in accordance with the requirements pf
evaluati¢n scope. Environment condition or roads, for which it is certain that the technology in questign
does notjoperate, are typically not modelled.Whether the environment represents an artificial or repl
environthent depends on the chosen baseline approach and the evaluation scope (see 5.2). In case the
model rgpresents a real environment, data are required to describe this real environment. These cgn
either bg provided by dedicated measurements, by information collected in an accident investigatign
and/or from map data. These dataneed then be translated to the format required by the simulatign
tool. The¢ simulation formats~te describe the environment range from proprietary formats up to
standardized formats, e.g. @pgnDrive.[152]

7.4.4 Traffic situation model

The traffic situation model describes the specific test scenario that involves the course of the evert,
initial longitudinal and lateral trajectories for each of the surrounding traffic participants as well gs
other paranteters relevant for the assessment. Examples of relatively simple test scenarios can be four]d
in Refer¢nces [11]-[13]. These were developed based on accident-data analysis and further specifigd
for test-track verification of crash avoidance systems. For prospective assessments as described in this
document, test scenarios can be derived in numerous ways. The data to describe the test scenario for
the traffic situation model can be taken directly from a database such as PCM,[22] or identified from
naturalistic driving tests such as UDRIVE.[64] It can also be generated based on analysis of traffic safety
data, by using a stochastic approach, for instance Monte Carlo simulations,[22] or from (detailed) traffic
simulations (see also traffic model). Similar as for the road environment the format of describing the
traffic situation varies among the tools. A format which has gained more attention in recent times is
OpenScenario.[133]

Next to predefined trajectories, the trajectories of other traffic participants can also be determined in
the simulation. In this case, a (driver/rider/pedestrian) model that calculates the individual behaviour
based on the given situation is required. Typical, such models transfer the information about the
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traffic participant (position, orientation, etc.) to a second model in the simulation, which collects this
information. It represents a kind of ground truth model. From these models a sensor model can receive
the information necessary to decide, whether a traffic participant is detected or not. If an exchange
of traffic participant models between different simulation tools is targeted, the specification of the
interfaces is a crucial aspect.

7.4.5 Traffic model

Closely related to the traffic situation model is the traffic model. In most cases only a small number

o

a0

f knaown traffic parh'r‘ipanfc are inr‘lnr‘lnr]’ therefaore the situation and traffic model appe

pmpletely integrated. Literature reports different approaches for simulating traffic. The ap
in be distinguished by the level of detail, at which the vehicles are modelled in the simulation,

Table 5 — Overview on selected traffic simulation tools and the used models accordi

ar to be
broaches

Macroscopic simulations model the flow of traffic according to high-level mathematical models
which were originally intended to model fluid dynamics. This type of simulation handles every
vehicle in the same way and combines single vehicles to a group respectiveli?to a traffic stream.[65]
This macroscopic perspective does not allow to determine effects for single vehicles, whi¢h makes

them less applicable for the prospective safety performance assessment.

Mesoscopic simulations move single vehicles but according to a mdcyescopic flow. However] vehicles
point of
view, mesoscopic models can be viewed as the time-space discretization of macroscopif models

can also be grouped in packets, which are treated then as one“€ntity. From an analytica

(that are generally continuous on time and space).[66]

Microscopic simulations model individual entities 6r dgents (e.g. vehicle, driver) sepafrately at
a high level of detail. This simulation type is classified as a discrete simulation. Interactions are
usually governed by car following and lane-changing models (see Table 5). Microscopic simulators
are widely used to evaluate new traffic controhimeasures and management technologies gs well as

performing analysis of existing traffic operations.[63]

Sometimes also the terms “sub-micros¢opic” or “nanoscopic” simulations are used in thi$ context
in order to point out that a simulation uses even more detailed simulation models, which|allow to
explicitly consider individual technologies (e.g. ADAS) as well as the interactions of technologies
in a vehicle. The nanoscopic modeélling addresses the explicit simulation of the mechanigm of the
vehicle kinematics. It is explicitly modelled how the driver behaves, how he/she interacts|with the
vehicle and how the driver’s‘actions effect vehicle dynamics. Nanoscopic traffic simulatign, based
on a microscopic city traffic simulator and modelling of driver behaviour, are able to congbine the

technical and human(dimensions of the traffic system into one entity.[67]

References [34] and [67]

ng to

?S‘ Type of simulation Applied models

& 2 2
v - .

o § S S Car following Lane change

IT dlllL'tbC;lc;iuldLlUll é § (.E“ g g g g g g g g g g ﬁ
AIMSUN X X X X X
MITSIMLab X X X | X X
PARAMICS X X X
PELOPS X X X | X
SUMO X X X
VISSIM X X X

Regarding actual modelling of the traffic participants’ behaviour in the simulation, two approaches
are reported. The first approach uses fixed trajectories (including information about the path and
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speed) for traffic participants without any response to other traffic participants. All trajectories are
pre-calculated and not adapted according to the situation flow. This approach can be chosen in case a
short time frame is simulated or in case it is presumed that the action of the function under assessment
does not influence the behaviour of the other traffic participants. The second approach simulates the
behaviour of each traffic participant, which means that their trajectories in simulation are not pre-
calculated. This approach requires a (driver) model not only for the vehicle with the tested technology,
but for each traffic participant as well. For this approach only the initial conditions for the simulation
need to be defined. Once the simulation is running, each traffic participant determines its next
movement step according to the perceived surrounding.

, in the document it is referred to the driver model irrespective of the rodd transport modg
purpose of the driver model is to qualify or quantify the time and forecé«of action, the level

distractipn (e.g.leading to delay in response), the perception process of the driver, the decision-makir
process ¢f the driver, different driving styles, situational awareness, worklpad, /emotion, normative ar

erratic behaviour, and / or even learning and long-term effects with respectto usage of ADAS function
[81]-[85]

“ a0m =Y 0

In generpl, the driver models fulfil two tasks: a control task related to the movement of the vehicle
and an ifteraction task with the environment and function underassessment. The first task is main]y
important for normal driving and consists of following a given trajectory and following a speed profil
For the second task different types of models are used:

®

— “empiric” reactive driver model in which the interagtion with the environment and ADAS warnings
is based on (semi)-empiric models;

— “confrol” predictive driver model in which thieinteraction with the environment and ADAS warnings
are ased on a reproduction of control précesses.[82]

Typical Jyommon outputs of both model types are: reaction time, type and strength of the reaction. Her,
also diff¢grent characteristics of drivets might be considered.

The appljcation of driver models(s;also notlimited to the driver of the vehicle with the safety technology
under asgessment. The driverymodel can also be applied for surrounding traffic participants. In this cage
the requjrements for the drivermodel are linked to the chosen approach for simulating the surrounding
traffic. In simulations, inCwhich the trajectories are predefined (see traffic model), a (driver) model fis
used that focuses on the controlling tasks (trajectory following) and implements a reaction behavioyr
(e.g. deldy until actioh upon a warning of the technology). In case the trajectory is not pre-definef,
driver mjodels ar€ needed that cover the interaction process in addition to the control process.

7.4.7 ollision model

The collision model determines the consequences of a collision between two or more traffic participants
(e.g. cars, pedestrians, and objects) respectively a collision between a vehicle and any object. These
consequences are usually expressed in terms of injuries of car occupants or other traffic participants
involved (pedestrian, cyclist, PTW) in the collision. Some models also describe the consequences in
terms of damages to the vehicles involved in the collision.

For injury prediction in general, three main approaches can be distinguished (sorted in ascending
complexity and calculation time):

1) direct assessment of the impact based on collision parameters (e.g. relative change of the velocity
during the collision) and corresponding injury risk functions, or risk models[201(86]-[90];
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2) usage of accident-reconstruction softwarel21l for simulating human kinematics during the
and its relation to injury(22];

collision

3) Usage of multi-body simulations or finite element analysis taking into account the vehicle structure,
and models for anthropometric devices (impactor, dummy) or human body. Obviously, this
approach can provide the most detailed results in respect to biomechanics-based injury criteria
values. However, the approach requires more complex and resource-consuming (time and cost)

simulations.

For the development of an injury risk function model, accident data can be analysed regar
a‘tmdent severity to persons and the related Input parameters. Input parameters for In
fynctions are for instance:

— personal information of occupants, such as, e.g. age, gender, height, weight;

— technical information, such as, e.g. delta-V (longitudinal/lateral/resultant), initial speed,
speed, direction of force, impact point, rollover yes/no, EES, rotational speed;

— restraint information, such as, e.g. belted/unbelted, airbag activation other restraint actiy

e}

egarding the topic of injury risk functions please see also Reference (2]:

finctions.[23] The injury risk functions are strongly dependent 6f the initial data used and th
mlethods. Hence, it is important for their applicability to beyehecked and ensured beforeha
dptail on the use of injury risk functions is given in Clause<8.

715 Simulation control

Within the simulation framework (as given in Eigure 6), the flow of information between the
models is either pre-defined or needs to be controlled. Different options for a simulation proce]

— Single simulation: input is provided«énce by the simulation engineer, not only on the phys
simulation, but also the simulation-econtrol parameters, and a single run is performed.

— Batch of pre-defined simulations: input is provided once by the simulation engineer by prep
batch of input parameter eombinations, and subsequent simulations are started by the si
control module, irrespective of the results of previous simulations.

— Batch of simulatipnsthat involve stochastic processes. Different options exist to cont
simulations:

— Controkofthe simulations by an observer function: this function tracks, which pa
takendrom distributions have been selected for a simulation run. If it is a random 5

itican be shown that the distribution is sufficiently covered. When there is a deviat]
random sampling it is important to track, what parameters were chosen to define a si

ding the
ury risk

collision

ation.

ce the relevant data are extracted, mathematical procedures‘are used for determining injury risk

b applied
hd. More

different
Ss exist.

cs of the

hring the
mulation

rol these

fameters
election,

then(observation might not be necessary, as with a sufficiently large number of sinpulations

ion from
mulation

run.

The complexity of the observer function may vary from a simple watch dog to an executable
linear temporal logic function.

Control of the simulations by a guiding function: a simulation guide can be used for time efficient
sampling. It defines which parameter values or combination of values are taken to ensure a
proper coverage of different distributions as input for the simulation. When the simulated
scenarios are not limited to only crashes, and therefore represents normal traffic, it will require
several thousand simulations until an accident will occur. Then, to collect a sufficiently high
number of accidents, a very large number of simulations is required. This might be beyond
the efficiency of a simulation task. A guiding function will direct the simulation towards the
incorporation of rarer events, e.g. to increase the probability to simulate accidents. Depending
on the guiding strategy (importance splitting/importance sampling) there might be additional
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requirements to other models like snapshotting or “white-box” access.[24] Typically, observer
functions are used to provide input to the guiding function.

Next to models and tools used for the virtual assessment, there are questions related to execution of
simulation. One of these is how many simulations are required at minimum to achieve a statistically
representative result. The reported number of simulation runs varies strongly. Reasons for this
include the approach taken for establishing the baseline (see 5.2) as well as the required accuracy and
confidence of the results.

8 Esti

For estimation of safety technology performance, the outcome of the simulations with and Wl?@ipt e
safety technology are compared. Figure 7 shows the place in the process overview.

Deflan] s Establishment of Vll.rtual SImlflatlon Estimation of the Validation &
traffi;: safety . with and without . e
baseline safety effectiveness verification

evaluation scope safety technology

Figyre 7 — Overview of the process — Estimating safety technéogy safety performance

The basip for the performance estimation is established in the 1n§9phase of the project, see 5.1. Hergp,
the study target population is defined. By this, undesirable e s of a given safety technology could
also be donsidered, and thus set requirements on baseline datd to be used in the study. A set of traffjc
situation]s is derived by, for example, analysis of retr%@ttive crash data and naturalistic driving
studies providing the study target population: an overall*description and quantification of the traffjic
situations and the involved traffic participants. \®$

Then, the relative change in the target populat@%ue to the technology under study can be estimatgd
and, if dgsired, further used for, e.g. pr0]ect10Q¢ order to make the results representative for a specifjic
region (rhore on this topic below). \\

without [the safety technology un udy - depending on the research question, the purpose of the
expected results on the analysis edure and also the relevant stakeholders. For instance, the change
of the velpcity at the time 0f|c$5 may not yield the required detail of information and requires further

There are different approaches to qug Sy)/the outcome of the comparison of the simulations with and

interpretation (e.g. by mea injury risk functions) if a statement on the overall effect of a technology
related tp traffic safety ernational level is needed. On the other hand, in the development phase pf
the techmology it can seful indicator.

Yet another indic uch as functional years lost due to personal injury, quantifies social benefits well,
but is legs ade in the detailed technology development phase.

Most corj K:used metrics for safety performance are changes in the percentage of accidents, injui
severity, 10e.196] [97] Qther ex ) ] 3 ensor
detection rates, minimum time-to-collision to av01d collision, and change in impact speed or crash

configuration.[2Z] Another important aspect which can be analysed is the consequences of autonomous
interventions for the surrounding traffic.

In case an accident is not avoided, but mitigated, the consequences of the accident might be reduced.
The extent to which the injury level is reduced, is calculated by making use of injury risk functions
during or after the virtual simulation (7.4). The design of injury risk functions is depending on access to
accident data and the method used for modelling these functions. Also, crash tests or virtual simulation
of crashes are used for establishing injury risk functions.[28] [29] [100] [101]

To make the results representative for a specific region or country, projection of the data is often
necessary.[102] Different weighting methods such as stratum-based weighting, n-dimensional
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clustering,[>8] decision tree, and random forest analysis[23] have been applied. The biggest challenge
in the process of data projection is the lack of adequate data that provides the details needed for
performing this analysis. In general, results are - according to the research question to be assessed -
projected to target regions as:

— direct use of the simulation results without projection,
— projection of the simulation results to national level,

— projection of the simulation results to international level (e.g. continent),

— projection of the simulation results to global level.

Weighting may also be applied if sampling methods are used when, e.g. naturalistic,drivling data
ifcluding near crashes are used to predict the safety performance of a safety technology for|accident
njitigation.[60]

The market penetration rate of safety technologies in the vehicle fleet is also needed f:Er safety
performance assessment. Many safety performance assessments assume,a 100 % market pemetration
i) the vehicle population though this might require several decades[1%8] to become a fact. Statistical
njodels for the probability of collisions between vehicles with or withoubthe safety technology pvailable
hps been presented.[104]

In Table 6 different generic approaches to assess the safety performance of safety technolggies are
simmarized, as previously applied in different studies. Thexmethods are listed along the orfler from
(ds described above) technical to societal assessments. The’approaches are independent from the input
dhta used for the analysis, the considered technology (AEB, FCW, C2X, etc.) as well as the algdrithms /
functions used to calculate accident outcome (see 7.4.7:

Table 6 — Overview on approaches of estimating safety technologies' safety performance

Analysis target Description Influences ey el

reference
(lhange in collision Analysis of influetice of safety technology |Performance of a safety |105]
Harameters on specific gollision parameters, like e.g.  [technology or a part of the

EES, dV, collision speed, etc. technology (sensor, algo-
rithm, actuator)

Hstimation of relative |Amount of change in the target population |The study target population | [106], [107],
dhange comparing the baseline and treatment (as a subset of all accidents) |108]
simulation output.

Relative change (often: effectiveness):
E=(N-N")/N

(hange of prebability |Using, for example injury risk functions The injury risk in the study | [21]], [109],
tp have acertain injury |and the estimated relative change/ effec- |target population. [11)0], [23]
tiveness, an injury reducing benefit from a
safety technology can be estimated.

stithation of sacietal |By using cost factors for specific injuries a [111], [112]
benefit, e.g. numbers of | societal benefit can be calculated.
lives saved

In the context of quantification of the safety technology’s safety performance, statistical methods can
be applied. Examples of these approaches are:

— determination of the receiver-operating-characteristic curve in order to analyse the relation
between true positive and false positive activations of the systems; this approach can also be
applied in the analysis of sensor technologies;

— odds-ratios can be used in order to quantify the presence or absence of a property is associated with
the presence or absence of another property in a given population;
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— the effect size (e.g. Cohen’s d) quantifies the determined effect of a technology.

Furthermore, confidence intervals for the injury probability function can be derived,[113] the variance
caused by the input data error can be estimated,[114] or receiver-operator characteristics can be

utilized[115] to assess the risk function models.

However, the significance of the estimated results always depends on the validity of the methods used

to derive them. This is the subject of next clause.

Definition of the . Virtual simulation . . )
: Establishment of . : Estimation of the Validation &
traffic: safety . with and without . I
baseline safety effectiveness verification
evaluat on scope safety technology

Figure 8 — Overview of the process — Validation an(}erification

In the cpntext of prospective safety performance assessment product, service or technolog
is defined as the method itself - including its components an dels. The assessment results are
interest [for customers and stakeholders. Hence, for the pr ctive safety performance assessmel
by virtugl simulation, “validation” means that the results geed to be reasonably accurate. In contrag
“verificafion” is the check of the process and its res@ and of models versus specifications an
requirements. This means that the mathematical / sical correctness of the models as well as th
quality i]‘fthe framework need to be ensured. A‘\

It is impgprtant that the validation and verific 591 process covers the prospective safety performang
assessment method and all sub-elements, s\t@?as models, metrics and tools.

Based o1 published literature (see Tablg?) it can be concluded that prospective safety performan
assessments are validated and ver@sd’ in different ways and to different extents on a non-regul:
basis. Offten, validation is focus‘egn@ the whole method, whereas the verification is directed on sing
models. Most effort is spent for validation and verification of the safety technology under investigatio

A comme¢n approach is fou "be performing a review of simulation models and comparing resulf

with othpr studies. 6\

Differeng general ap <s;)hes for the validation and verification have been applied. A list is presented
Table 7. The seconr%ﬁlmn presents different references from the assessment of safety technology
which thie appr as been applied.
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Table 7 — Overview on validation and verification methods

Approach

References

Technique

Description

Comparison of
results

[116]

Analysis/
demonstration/
test

This V&V approach focuses on the whole methodology. It com-
pares results derived by the prospective safety performance
assessment method with the results derived in another anal-
ysis. This analysis can either be done by a different validated
simulation approach or by a different approach (e.g. analysis
of accident data or test track).

One example for this approach is that the overall simulation
approach that determined safety performance of gn AEB is
compared with the result of accident analysis. for the same
system. Of course this is only possible if the ' AEB has been
launched and has already reached a market penetrgtion that
allows to conduct a retrospective assessrent.

Heview of the
whole method
dr the simula-
tjon models

(28]

Inspection

This V&V tactic is a (logical) review)ef'the whole method or
(simulation) models used by the-method. The review can be
conducted by experts.

A typical example is that the implementation of an AEB model
in the simulation is compared to the technology descfiption in
order to check, whetherithe technology has been imp|emented
correctly.

(heck by
means of test
data

[116][117]

Analysis/
demonstration/
test

This V&V approdch focuses on the applied simulations and
models for the.simulation. Here, the results of the simulation
are compareéd to results determined based on expdrimental
data. Typically, the data are obtained on test tracks|or in an-
othercontrolled environment.

Anexample in this context is that the deceleration profile
of an AEB measured in the simulation is compared|with the
deceleration profile measured in a test track test.

Yensitivity
dnalysis

Sampling. /test

This approach checks the robustness of the applied method
or single steps of the method (e.g. simulation or simulation
models) against uncertainties. The input paramgters are
varied in order to check, whether the input leads t¢ a stable
or instable behaviour of the model or method.

An example for this approach would be if the contrdller of an
adaptive cruise control is fed with different input pafameters
in order to show that the control is stable and does ngt provide
unrealistic acceleration in the simulated test space

Hropagation of
yYncertainty

[196][119]

Sampling / test

This method checks the propagation of uncertainties over the
whole process or within a single step of the whole| process.
First, the single uncertainties for each (sub-) step|needs to
be determined. Afterwards the uncertainties for the whole
process can be calculated. The overall uncertaintief need to
be below a defined threshold.

In case the minimum and maximum error of the|collision

speed for AEB activation between the simulation and real
world is known, this information can be applied to an injury
risk curve in order to determine the resulting error in terms
of accident severity.
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Table 7 (continued)

Approach

References

Technique

Description

Model fit of sta-
tistical models

[120]

Analysis

This V&V approach is used for statistical models that approx-
imate the real world by a mathematic model, such as injury
risk function models. By comparing the difference between
the real data and the by the model determined data, it can
be quantified how well a regression model fits the original
dataset. Typically, the threshold is defined in order to decide
whether the quality of the fit model is sufficient.

An example for the application of this approach is the dexe
opment of injury risk functions.

Statisticgl test-
ing of difffer-
ences in model
vs input flata

[121]

Analysis

This process includes different statistical methods that are usef
to state that two distributions differ from each other or not. A
distribution of value determined by the methed ar a model qf
the method is compared to the reference distribution. A certaip
statistic method for test needs to be chgosen.according to thie
data. Based on pre-defined criteria, itis decided whether thie
tested distributions differ from eagh 6ther or not.

The approach can then be applied)to check for the baseling,
whether the resulting collisionspeeds are in line with collisiop
speeds of accident database‘and if they are representative.

Back-to-back-
test

[122]

Analogy / simi-
larity

This V&V approach checks and quantifies the difference bg-
tween two (sub-) models'(or elements of the methodology). The
precondition is thatthe first model is validated and verified.
First, the results are determined with this model. Afterwards
the second model that is under check testis applied. Thus, the
difference between both models can be quantified and checked.
In a third step, the original model is again applied to ensurg
that theresults are remaining the same and that the resulffs
were not influenced by side effects.

The example for this approach is that there are two version
of an AEB model for simulation. The first one is validated an
the second one is in question. Then both models are simulate
with the same input in order to determine the difference.

=

Test valiglity
(construft va-
lidity, coptent
validity, friteri-
on validity, face
validity)

[123]

Inspeegtion /
andlysis

The focus for these approaches is checking the validity of th
whole methodology or the sub-models.

[¢]

The test validity is the extent to which a test accurately meas
ures whatitis supposed to measure. The test validity is ofte
divided into different "validities", such as construct validity,
content validity, criterion validity and face validity.

=}

Most of [the approaches rely on techniques that are described in Reference [124], see Table 8. The
techniques havebbeen mapped to the different validation and verification approaches.

Table 8 — Verification techniques [124]

Verification tech- R
. Description
nique
Inspection Technique based on visual or dimensional examination of an element; the verification relies
on the human senses or uses simple methods of measurement and handling. Inspection is
generally non-destructive, and typically includes the use of sight, hearing, smell, touch, and
taste, simple physical manipulation, mechanical and electrical gauging, and measurement.
No stimuli (tests) are necessary. The technique is used to check properties or characteristics
best determined by observation (e.g. paint colour, weight, documentation, listing of code).
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Table 8 (continued)
Verification tech- R
. Description
nique
Analysis Technique based on analytical evidence obtained without any intervention on the submitted

element using mathematical or probabilistic calculation, logical reasoning (including the
theory of predicates), modelling, and/or simulation under defined conditions to show the-
oretical compliance. Mainly used where testing to realistic conditions cannot be achieved
or is not cost-effective.

Analogy or similarity | Technique based on evidence of similar elements to the submitted element or on experience
feedback. It is absolutely necessary to show by prediction that the contextis inyafiant that
the outcomes are transposable (models, investigations, experience feedback/etc.). Similar-
ity can only be used if the submitted element is similar in design, manufaeture|and use;
equivalent or more stringent verification actions were used for the similat elemen, and the
intended operational environmentis identical to or less rigorous than the similarjelement.

[)emonstration Technique used to demonstrate correct operation of the submitted element against opera-
tional and observable characteristics without using physical measurements (no oif minimal
instrumentation or test equipment). Demonstration is sometimes called 'field testing'. It
generally consists of a set of tests selected by the supplier to'show that the elementjresponse
to stimuli is suitable or to show that operators can perform their assigned tagks when
using the element. Observations are made and compared with predetermined/pxpected
responses. Demonstration may be appropriate when requirements or specifichtion are
given in statistical terms (e.g. mean time to repair, average power consumption).

Test Technique performed onto the submitted el¢mment by which functional, measurgble char-
acteristics, operability, supportability, or'performance capability is quantitatively verified
when subjected to controlled conditionsthat are real or simulated. Testing often uses special
test equipment or instrumentation¢e_obtain accurate quantitative data to be analysed.

Sampling Technique based on verification0f characteristics using samples. The number, tplerance,
and other characteristics are specified to be in agreement with the experience fepedback.

10 Practical experience

1/0.1 General

While the majority of this_document described the theoretical background, the implemgntation,
ahd the validation and verification of the method, this clause focuses on the lessons learned from
practically conducting prospective safety performance assessments by virtual simulation. As the
apsessment depends strongly on the circumstances (resources, tools, etc.) and on its scope resulting
flom the research questions, it is hardly possible to describe a general way for executing an assessment.
The input of the‘PE.A.R.S. initiative was taken into account in a study, which compared different
ithplementations.of a safety performance assessment of an AEB system for preventing colligion with
cyclists as conducted by several P.E.A.R.S. partners. The lessons learned and the outcome of this study
i used te‘derive recommendations for future assessment studies and also for the application|towards
apitomated and connected driving systems.

10.2) Establis! £1 li

Regarding input data, it is necessary to add certain variables in the data describing the baseline. As
described in 5.2, accident databases are frequently utilized. Along with basic information, which is
available in some databases, such as trajectories, speed related measures, crash configurations, sight
obstructions, and occupant information, variables such as vehicle pitch, road topography, map data,
traffic flow, driver behaviour in the pre-crash phase, and final static position of vehicles would be
helpful.

Next to this additional information that would help to get to more accurate simulations, the quality of
data is also an issue in this context. Furthermore, reliable databases for certain geographic regions,
respectively markets, are currently missing. An attempted to harmonize accident data for different
regions of the world was initiated by the IGLAD consortium.[122][126] JGLAD harmonized data set among
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the cover regions. However, although IGLAD covers different regions there are still other regions in the
world, for which accident databases with detailed data are missing.

10.3 Simulation framework

The research question and the considered baseline in the assessment have a strong influence on the
complexity of the simulation. To decide on the required complexity of the environment in a simulation,
it is typically determined beforehand, whether the environment is to be considered statically or
dynamically.

In case moving traffic participants influence the functionality of a technology under assessmert,
it could e required to simulate the moving behaviour of these participants by a simulation-eithé¢r
for an ipdividual traffic participant or through traffic simulation for multiple traffic participants
simultaneously. Here, the information about other traffic participants except the ego and“princippl
other vehicle might not be available from accessible databases. If the technology response significant|y
influenc¢s the behaviour of the other traffic participants, then the interactive behdyiour is to he
modelled. The interaction is particularly important in case of strong interventiéns into the traffiic
situatior], by either acute unexpected braking or swerving. It is important that possible negatiye
safety efffects of a technology, such as causing a collision because of the technology intervention, are
considerkd in evaluations as well. In addition, effects such as false-positive.interventions need to hje
considerfed. For example, an automated brake intervention could lead tp ‘a rear-end collision with the
following vehicle, particularly in case of a false positive response.

10.4 Camparative study of different simulation tools

Several partners of the P.E.A.R.S. consortium have performied'a study analysing possible differencg¢s
between|different simulation tools. In this example, the sarite baseline - conflict with a crossing bicyc|e
- has be¢n implemented in different tools.[127] The techfiwlogy under assessment is an exemplary AHB
that is ifjtended to prevent the collision with the cyclist. For this report, the focus was applied to the
main parameters that need to be defined to be able’to compare results of the separately-conductgd
assessment studies. The results of this investigation will be reported in another publication.

To be capable of comparing the outcome of the different tools, the relevant real-world situations are fo
be defined as clearly and explicitly as péssible. First, the definition of the baseline is considered. The
geometry of the vehicle and the cyclist needs to be defined explicitly in detail, since the shape of the
objects might have a strong effect pirthe object and collision detection, and thus the results.

Further, [the definition of the baseline requires a description of the AEB system to be assessed, includir
its subcgmponents - sensorfunction logic, and actuator. For the sensor, the basic parameters (positio
angle of yiew / beam, maxintaum range and orientation) are defined explicitly. Furthermore, the senso
parametprs regardingthe“object detection are set. This includes the criteria for object detection (e.
required amount of information to detect an object, delays, false positive and false negative behaviou
as well s the meastrement of the target position and speed (reference point of the object, accurac
etc.). Next to the'sensor, aspects for the function logic also need to be defined. Obviously, the thresho
and intepsity ‘of the response (TTC of intervention, maximum deceleration, deceleration profile, etc
are defined. Additionally, the definition of the technology’s reaction in case the object is no longer
visible td : i i : i e i

A< oWm y P g

For the evaluation, a comparable list of the output parameters is required. The Round Robin study
reveals the ways in which the different partners calculate these output parameters.

Currently, the responsible partners for the simulations in the study are conducting evaluations in more
detail and are analysing the results. The outcome will be published in the future. This will also make
allowance to describe the aspects that need to be harmonized in order to make results comparable
from the process side.
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10.5 Estimating the safety performance

Regarding the estimation of the safety performance, the main issue is the lack of adequate injury risk
functions for pre-impact situations or methods to generate such functions for different pre-impact
situations. Currently available injury risk functions focus rather on certain crash configurations. An
improvement in this area would support the quality of the prospective simulation studies with respect
to the quantification of injury severities.

Also, the projection of data - scaling up the results of studies that are based on a limited data-set to
larger areas for instance national or international level -lacks of adequate methods and is in need of
hhrmonization. However, population data for certain regions could be either missing or not acg¢essible.

0.6 Validation and verification

h this process is reported in literature. It can be expected that validation and vérification actiyities are
erformed. The conclusion from the reported activities is that more effort isput on validation} than on

1

Ak stated in Clause 9, the main issue related to validation and verification is that nearly no information
0

p

verification.

The most often used methods for validation and verification are a) the review of “simulation| models”
ahd b) the “comparison of results” with other studies. Further used approaches are the “s¢nsitivity
ahalysis”, the use of “statistical methods” as well as the “verification by means of real-world |data” for
verification.

—3

he data used for validation and verification also form animportant aspect. From the known ekamples,
the data thatis used for the validation and verification isiostly taken from in-depth accident databases.
owever, data from national accident databases, data‘logged on a test track and other simulation data
e also frequently used. Less common, field operation test (FOT) data and naturalistic dri\:ﬂ'mg study

NDS) data is taken in account for verification. Data that are rarely used for verification are data from
rent recorders, test data from simulators, stochastically generated data or data from consumler rating
tésts. In this context, the availability and aceess to certain data sources might have had a high influence
h the answers.

R

]

1 Conclusions and limitations

1]

This document gives an overview of the state-of-the-art methods for assessing the safety performance
of vehicle-integrated (active) safety systems respectively technologies using virtual simulatio(;r, as they
were performed by different types of organizations applying various simulation tools. This document
was generated to provide a state-of-the-art and to identify commonalities and differences in ¢urrently
uked approaches.Sgfar, no guideline has been drafted; this is subject of further research, bas¢d on the
khowledge on the)state-of-the-art of prospective safety performance assessment methods.
P

Fospective,(safety performance assessment methods predict the effect of vehicle-integrated
technolegies on traffic safety before the technology is introduced on the market. Tools that gre used,
generally comprise of virtual simulations with validated virtual (sub-) models. However, praspective
safety performance assessment by virtual simulation is not a sole solution and it is as a complement
to Tetrospective assessSment of safety technologies Introduced to the market. Thus, the forecast
generated by virtual simulation needs to be followed up by review of the actual effects in real-world.
These determined real-world effects can be used to verify and validate as well as to improve virtual
assessment.

Although the taken approaches might differ in terms of the baseline or the complexity and detail of the
used models, the overall process and its steps are similar. The relevant steps are:

— define the scope of the assessment study and the target population (Clause 5),
— establish a baseline (Clause 5),

— conduct the simulations with and without the safety technology under assessment (Clause 7),
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— and eventually, calculate the safety benefit using an adequate metric (Clause 8).

Input data are required for the models and for the description of the baseline and the traffic situations
that are subject of the study (Clause 6).

Different users have different demands and requirements regarding the assessment process. Answering
different research questions puts different demands to the approach, the level of complexity of the
assessment, the level of detail and quality of the data and the models used within the simulation. The
followed assessment process itself even depends on the availability or accessibility of data sources.

Variatiogs—tthe—=assessment—approach—amd—tack—of processdescriptiomrs mrake— it oftemrdifficuttor

even impossible to compare safety performance results from different studies. The interpretatiqn
of the results consequently requires a detailed description of the process that has been followed; the
assumptjons that have been made, the models and tools that have been used, and the input data that
have been referenced. Ideally, the interpretation of the results of a safety performance assessment study
comes wijith a formulation of the original research question. To ensure that the results of thie assessment
study arg reliable and trustable, a validation and verification process needs to be in plaee (Clause 9). (it
is important that the validation and verification process does not only cover the virtual models, but al§o
the inpuf data, the simulation tools and the applied methods.

The document shows the current capabilities and limitations of state-of-the-art methods.

— The|results of virtual simulation are sensitive to variations in theymodels and variations in the
inpult data. Such variations might result from the use of differentSources, however also on differept
choifes that are implicitly made in the complete simulation precess. Such sensitivity for, for example
varifitions in the geometrical definition of the target and:host vehicle, lead to differences in the
resullts, although the methods show a large similarity in.trend. In case an absolute value for th
safety performance of a certain technology is required from the assessment study, a very strift
desdription of all input is needed. However, to geta\basic understanding of the influence of, for
exarpple the field-of-view of a sensor, the currentimethods are very well capable of providing the
required results.

(¢

— Diffgrent approaches are possible for the description of the (active) safety technology that is subjeft
of the assessment study. Each technology ¢onsists of a sensor system, possibly consisting of multiple
sensors, a decision and control unit for;interpretation of the manoeuvres of the surrounding traffiic
in r¢lation to the intended movement of the host vehicle, and an actuation system to provide
a refjuired response of the hostivehicle, such as a change of velocity or a change in directiop.
Eacll of these sub-systems, and their relations can be described in different ways, from simple
stralghtforward rule-based ‘models, to detailed highly complex models that are based on physids.
In general, detailed complex models require an extensive process to acquire the input data, and

computation and analysis takes generally much longer than for more straightforward models that

givela fast indicatignyof trends, with generally larger confidence intervals around the results.

BotH approachesiead to viable results, however with differences in detail and accuracy. Depending
on the type ofresearch question, a choice is made on the approach to be followed.

— Aselected'approach is strongly influenced by the accessibility of data, either from in-depth accident
databases, naturalistic driving studies, or test track and driving simulator studies. The different
data sources all have in common that they are specific for a certain region, prone to bias due to
sampling criteria, and may have limited content on specific information. Furthermore, analysing
this data is usually costly and time-consuming. The assessment methodology as discussed in this
document might also benefit from harmonization in the collection and interpretation of data out of
such data bases.

The extensive use of virtual simulations by different partners in order to assess the safety performance
of technologies (ADAS and active safety system) points out the importance of simulation tools to
answer different relevant research questions. The lack of any standard has led to different approaches
within the overall virtual simulation process. Since the results of the virtual assessment depend on
many factors (input data, used models, simulation tool and used metric), they can hardly be compared
between different studies. It is difficult or even impossible to validate these without knowing all details.
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The difference in results between different studies might lead to a reliability issue. Thus, harmonization
actions are required in order to make the different assessment approaches more comparable and
trustworthy.

12 Outlook

12.1 General

r¢lated to the pro ects are
xtension
sed.

The major challenges for the prospective safety performance assessment by virtial simulation is to
generate trust and acceptance for its results. A valid question for the interpretation of simulation
r¢sults is how well models are able to describe real-world effects. Furthenmore, the variety in the
different
r¢sults for the same research questions. In case there are only small déwiations, this can be dccepted.

One approach to tackle this issue is to harmonize the assessment approach and to define standards
of minimum requirements for virtual assessment. This hagmonization aspect is encourage{d by the
afithors. Another important aspect is the validation and verification of the simulation models gnd tools.
This aspect needs to be strengthened in the future.
Al
S

s stated in the introduction this document is mainly\dedicated to the assessment of ADAS anhd active
\fety systems. Besides to these technologies theredlso other functionalities of interest to be pssessed
r¢garding their potential impact on traffic safety. Two particular types of technologies thgt gained
njore and more importance in the recent timesare systems dealing with automated driving anf/or V2X
technologies. Therefore, this subclause diseusses the capabilities and limitations assessing the¢se types
of technologies.

Since not many results related to théprospective assessment by virtual simulation of these tecinologies
hhve been published yet, this subclause represents the current opinion of the authors based|on their
ekperience and work.

12.2 Automated driving

In recent times, a development of functions addressing higher levels of automation[8] can be dbserved.
(128][129] With tle) developments towards higher levels of automation, the safety performance
apsessment by simulation also needs to evolve for these technologies.

The impottance of prospective assessment by making use of virtual simulations will grow with
ficreasing'level of automation as the number of different test scenarios will become hardly pgssible to
t¢st.6n'a test track or in a laboratory.[130]

—

The following topics may need to be taken IMto consideration from simutation point of view for the
assessment of automated driving functions:

Increasing number of covered test scenarios: automated driving systems continuously act and
no longer wait for the one critical situation to act upon. For automated systems, the requirements
consequently shift from safety performance to mitigate injuries and collisions in specific situations
towards a continuous complete collision avoidance and normal comfortable driving. The number of
test scenarios, however, increases drastically in order to be able to assess the response of the system
for all relevant situations, all possible disturbances, all possible system interactions and all possible
interactions with other traffic participants on the road. This means that the number, as well as the
complexity of the simulated traffic situations need to evolve. Consequently, it needs to be discussed,
to which extent simulation of single test scenarios are adequate for automated driving function, and to
which extent larger samples of traffic scenarios are of relevance.

© IS0 2021 - All rights reserved 27


https://standardsiso.com/api/?name=ad0f7c6b7c480ee7570f0bb766e2ce31

ISO/TR 21934-1:2021(E)

Increased horizon of active operation: higher SAE-level technologies are continuously acting and
anticipating upon traffic. Whereas a traditional ADAS or safety system monitors the surroundings of
the vehicle to determine the one single critical situation, systems at higher levels of automation need
to make the correct interpretation at every moment in time. Herewith, also the time horizon of active
operation increases, and the prediction of road users’ intention becomes increasingly important. With
respect to the simulation, this means that longer time periods need to be considered. A simulation that
covers only a couple of seconds might not cover that an automated driving system avoids the conflict
at all. This might require more complex simulations than for ADAS. Furthermore, the modelling of
other road user behaviour gets more 1mportant With fully automated systems there mlght be traffic

compar
functionplities. Furthermore, the baseline needs to describe which functionalities’are considered in the
baseline|simulation and which in the treatment simulation.

Driver state: for higher automated driving systems with higher SAE leveli-the driver does not need {o
observe the traffic. This means that the driver is - compared to today’s situation - no longer part of the
driving loop. This has a strong effect on the used driver models - in’particular in situations, in whigh
the driver needs to take action, e.g. take-over requests. Here the dfiver behaviour in terms of reactign
time, type and strength needs to be modelled. However, also in the time period in which the driver fis
not in the loop, new models for the driver behaviour are expected to be required.

Increas¢d relevance for real life traffic situations: it“becomes an essential key task to colleft
information on traffic situations in all its variations in traffic, including all “normal” driving situation|s,
critical dituations, near-crashes, slight accidents with* material damage, and accidents with injuries.
This dath provides an overview of the relevant ranges in real life driving behaviour, for instance time
headway. Therefore, the data are essential te‘describe test scenarios adequately and realistically.
Besides, [the data can contribute the definition; implementation and verification of models used in the
simulati¢n - in particular those models thatdescribe the general behaviour of road users.

12.3 V2X technologies

V2X-conmunication technologies, in which cars or traffic participants communicate with each
other anld with infrastructure, pose an additional dimension to the prospective safety performange
assessment. These technplegies do not only operate in one vehicle, but in different vehicles at the sanje
time. Examples are a cogperative ACC (C-ACC),131] in which the distances and speeds are adjusted |n
the host vehicle accordiifg to other road participants.

More adyanced technologies might not only set a certain speed or distance but plan and execute entire
joint manoeuvres of road users. One example is the Cooperative Manoeuvre Planning that avoids
collisionf of multiple road users[132] by generating cooperative manoeuvres for all involved road users.
This kind oftechnology pases high requirements for validation and assessment

Receiving information: information that is received by the vehicle can be treated as input from an
additional sensor. In safety performance assessment of technologies that make use of input from
connected systems, the sensitivity for disturbances in the quality and reliability of the data needs to be
determined. This will require models that can mimic realistic disturbances, e.g. based on environmental
conditions, the presence of objects that might influence data reception, etc.

Broadcasting information: active communication towards other traffic participants has similarities
to an actuator and assessment will focus at the type and the quality of the data that is broadcasted.

Safety performance assessment: with the introduction of cooperative driving systems, such as
Cooperative-ACC or Cooperative Manoeuvre Planning,[1311[132] the assessment is no longer limited to
the behaviour or response of one single vehicle system. To determine the safety performance of such
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a technology the system boundaries will need to be extended to cover at least two communicating
vehicles or more in case more vehicles are interacting through communication with each other. Overall,
this will result in more complex test scenarios that need to be handled by the simulation framework.
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Annex A
(informative)

List of tools

The tools_in Tabhle A 1 are listed in alphabetical order and do not implv anv statement regarding
the useffilness or quality of the tools for the virtual simulations in the field of prospectivg safei;
performance assessment. Furthermore, it is also not claimed that this list is exhaustive.
Tablle A.1 — List of example commercial simulation tools used in the prospective safety
performance assessment
Tool Refel@'p}e
AIMSUN [£33]
CarMakefr {134]
CarSim [135]
DYMOLA [136]
ITS mod¢ler [137]
MADYM( [98],[138]
MATLAB / Simulink [139]
MITSIM [140]
OpenDS [141]
openPASS [142]
PC Crash [143]
PELOPS [144]
PreScan [145],[146]
Pro-Impéct [147]
Sceneinspector [148]
VI-CarRgalTime [149]
Virtual Tlest Drive [150]
VSM [151]
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Annex B
(informative)

Input and output of simulation models

Asimulation consists of different models which arelinked to simulation by means ofinterfaces Table B.1
provides an overview of the typical input and output parameters of relevant simulation models.
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