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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 preecedures—tsed—to—developth ment-and-these—ntendedfor-its—further—-maintenance are
described 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 acéordapce with the
editdrial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this documént may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all suelf patent rights. Details of
any patent rights identified during the development of the document willbe in the Introdu¢tion and/or
on tHe ISO list of patent declarations received (see www.iso.org/patents);

Any trade name used in this document is information given for the'éonvenience of users gnd does not
consfitute an endorsement.

For an explanation of the voluntary nature of standards; the meaning of ISO specifi¢ terms and
exprgssions related to conformity assessment, as wellvas information about ISO's aglherence to
the World Trade Organization (WTO) principles in‘the Technical Barriers to Trade| (TBT), see
www.iso.org/iso/foreword.html.

This|document was prepared by Technical Cominittee ISO/TC 22, Road Vehicles, Subcomnjpittee SC 33,
Vehidle dynamics and chassis components.

Any feedback or questions on this documrent should be directed to the user’s national standprds body. A
complete listing of these bodies can e found at www.iso.org/members.html.
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Introduction

In order to safely introduce automated driving systems (ADS) into the market, socially acceptable and
technically sound scenario-based safety evaluation methodologies need to be developed. A number
of national and international governmental institutions are gradually releasing technical safety
guidelineslZI[819] to support the development of these methodologies, as well as associated regulations

and standar

ds.
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Road vehicles — Test scenarios for automated driving
systems — Scenario based safety evaluation framework

1 Scope

This document provides guidance for a scenario-based safety evaluation framework for automated
drivimgsystems (ADSs—The framework etaborates a scemario-based safety evatuation process that
is applied during product development. The guidance for the framework is intended to e applied to
ADS defined in ISO/SAE PAS 22736 and to vehicle categories 1 and 2 according to Réferenge [10]. This
scengrio-based safety evaluation framework for ADS is applicable for limited access highways.

This|document does not address safety-related issues involving misuse, humanimachine interface and
cybefsecurity.

This|document does not address non-safety related issues involving comfort, energy efficiency or traffic
flow|efficiency.

2 Normative references

The following documents are referred to in the text in*such a way that some or all of their content
constitutes requirements of this document. For dated<references, only the edition cited [applies. For
unddted references, the latest edition of the referenced document (including any amendments) applies.

ISO 34501, Road vehicles — Test scenarios for automated driving systems — Vocabulary
ISO 41448, Road vehicles — Safety of the inténded functionality
[SO 46262-3, Road vehicles — Functionalsafety — Part 3: Concept phase

3 Terms and definitions
For the purposes of this dgcument, the terms and definitions given in ISO 34501 and the follpwing apply.
[SO dnd IEC maintain‘té¥rminology databases for use in standardization at the following addresses:

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

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

31
critical’scenario
scenario including one or more risk factors (3.3)

3.2
hazardous scenario
scenario in which harm occurs unless prevented by an entity other than the ADS

3.3

risk factor

factor or condition of a scenario that, if present, increases either the probability of the occurrence of
harm, or the severity of harm, or both

©1S0 2022 - All rights reserved 1
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3.4
safety test objective
safety property of the ADS to be shown via a set of tests

Note 1 to entry: The safety test objectives can be derived from the validation targets or the acceptance criteria of
SO 21448.

Note 2 to entry: The safety test objectives also include the aspect of the test end criteria.

Note 3 to entry: Depending on the kind of the safety test objectives the pass/fail-criteria of a concrete test
scenario can be included within the safety test objectives.

4 Test s¢enario-based safety evaluation process
4.1 Integration into the overall development process

4.1.1 Objgctives

The objectiyes of this clause are:

a) toprovide an overview of the overall safety tasks and content of this do¢ument;
b) to provide an overview of the scenario-based safety evaluation process;

c) toexpldin the relationship between this framework and otherstandards and legislation.
4.1.2 General

4.1.2.1 Oyerall safety tasks and content of this doeument

Figure 1 pr¢sents the overall safety task “Identifieation and risk evaluation of the hazardous scenprios
of the ADS” hnd its derived subtasks.

2 © IS0 2022 - All rights reserved
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k evaluation of potential
lazardous scenarios via
lysis of the scenario space
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relevant part of the scenario space in
search for unkown-hazardous scenarios.
Newly identified-hazardous scenarios
are evaluated.concerning their risk.

This
from
FTA)

he system (task1.2).

he relevant scenariospace (task 1.1);

ure 1 — Overview of the different safety tasks to identify hazardous scenarios for the ADS

document proposes to address the identification of potential hazardous scenarios [via analysis
two different starting points:

approachrisisimilar to the approach found in functional safety where the safety analysis is executed
two different and complementary perspectives: The deductive approach (e.g. Fault Tijee Analysis,
and the inductive approach (e.g. Failure Modes and Effects Analysis, FMEA).

In syl

ktem-hased apprnnrhnc (f:l sk 7)’ the starting point ofthe ana]ycic isthe system itselflIn scenario-

based approaches (task 1.1), which are the focus of this document, the starting point is the analysis of
the scenarios belonging to the relevant scenario space. For this approach the relevant scenario space
is analysed to identify risk factors. Only general physical limitations of the systems are considered,
for example, a sensor has a field of view based on the physics of its detection system, but other
implementation specific issues, e.g. the limitations of a machine learning algorithm to classify a detected
object correctly or sensor failures due to random hardware faults, are neglected. These system specific
aspects can be better analysed with system-based approaches. One advantage of the scenario-based
approach is that it can be applied with minimal dependency on the implementation of the system itself
(e.g. for regulatory use). As such, the results of a given analysis can be reused for different systems as
long as the relevant scenario space is the same, considering that the concrete parameters maximizing
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the risk factor for a given scenario still have system dependencies (e.g. exact number and positions of
sensors).

NOTE 1

Knowledge gained during the execution of one approach (e.g. the system-based approach) can be used

to support the analysis by another approach (e.g. the scenario-based approach).

NOTE 2

The results of the system-based safety analysis can also be test scenarios to be executed.

Not all the relevant tasks for ADS safety evaluation are addressed by this document. This document
predominantly focuses on:

Guidelines fpr the execution of the remaining safety tasks can be found in other standdrds, e.g.

task 1.1.1: identification and risk evaluation of potential hazardous scenarios via analysis of the
relevant scenario space (see 4.3); and

task 1.112: derivation of a representative set of test scenarios to argue a sufficient coverage df the
relevant scenario space in search for unknown hazardous scenarios (see Annex K).

task 2: 1SO 21448;
task 3: ISO/SAE 21434;

— task 1.2]and task 1.3: ISO 21448, the ISO 26262 series.
NOTE3  Sdme safety issues can be assigned to multiple tasks.
EXAMPLE An adversarial attack, also known as “physical hack”, for example, in which sensors are sppofed

with the help
scenarios arq

against the identified relevant attack scenarios.

NOTE 4 Tﬁe result of task 1.2, the system based analysis, can also be scenarios that need to be tested in

to evaluate t

NOTE 5
found in, e.g.

4.1.2.2 Ovyerall flow of this document

Figure 2 sh
Within the fji

Oyerall guidance concerning safety for,ADS considering SOTIF, functional safety and security
[SO/TR 4804.

of stickers on traffic signs, can be assigned to task 3cand task 1. Within task 3, the relevant g
identified. Within task 1.1 and task 1.2, it is evaluated whether the system is sufficiently r

e safety of the system.

ws the overall flow of'this document within the scope of product development procd
gure:

ttack
bbust

prder

an be

SSes.

the first column fromythe left represents the inputs to the scenario-based safety evaluation pr
elaborated within this document;

pCESS

the secdnd column represents the preparation phase preceding the identification of critical scenprios
phase iT which safety test objectives are specified;

the third column provides an overview of the specification of the relevant scenario space, and
identification of risk factors and critical scenarios for safety evaluation according to the scenario-
based safety evaluation framework;

the fourth column shows the interconnections among the scenario-based safety testing and
evaluation process (safety analysis phase) and the remaining product development phases;

the fifth column represents how the output of the scenario-based safety evaluation framework fits
into the overall vehicle safety approval process that includes other safety validation steps;

lines indicate iteration loops and influence conditions; they can contain new findings and trigger
necessary adaptations, when, for example, functional modifications are necessary due to safety
reasons.

© IS0 2022 - All rights reserved
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The subclauses in Clause 4 aim at addressing the following points to contribute to an overall scenario-
based safety evaluation process.

— 4.1 Integration into the overall development process: How the framework integrates into
existing product development processes.

— 4.2 Safety test objectives: Specification of safety test objectives that the system needs to fulfil.
— 4.3 Specification of the relevant scenario space: How the relevant scenario space is defined.

— 4.4 Derivation of critical scenarios based on risk factors: How to define a set of critical scenarios
from which a set of test scenarios are derived.

— 4.5 Derivation of test scenarios based on covering the relevant scenario/space: The
identification of critical scenarios to potentially be tested.

— 4.6 Derivation of concrete test scenarios and test scenario allocation; How test sfenarios are
generated and allocated to different testing platforms.

— 4.7 Test execution: Requirements that need to be fulfilled while running test scenarids.

— 4.8 Safety evaluation: How the test results are evaluated to achieve an overall result.

© IS0 2022 - All rights reserved 5
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Figure 2 — ISO 34502 flow

Figure 3 illustrates the relationship between ISO 21448 and this document.

4.3 adds specificity to ISO 21448:2022, Clause 7, by identifying reasonably foreseeable risk factors that
may lead to hazardous scenarios. By structuring these risk factors, critical scenarios are generated and
compiled into a scenario catalogue for testing purposes. Therefore, the approach to identifying and
structuring risk factors in this document contributes to maximize the coverage of known hazardous
scenarios in SOTIFE.

6 © IS0 2022 - All rights reserved
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4.5 contributes to address ISO 21448:2022, Clause 9, by defining the concrete scenarios that need to
be tested and their corresponding platforms, which is an essential step to define the verification and
validation strategy.

Finally, 4.3 to 4.8 contribute to address 1SO 21448:2022, Clauses 10 and 11. By using the known
hazardous scenario as additional input to the safety evaluation process, and varying some of the
properties/attributes of these scenarios, unknown hazardous scenarios can also be explored, and the
space and amount of unknown scenarios can be reduced.

NOTE The scenario-based safety evaluation process or parts of it can be applied to the system, subsystem
or component level, in addition to the vehicle level. Accordingly, the process is adapted to the corresponding ADS
undeptest

©1S0 2022 - All rights reserved 7
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Figure 3 — Relationsh

Requirements and recommendations

4.1.3

This document shall be applied in combination with

[SO 21448.
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4.1.4 Requirements for conformity

When claiming conformance with this document, each requirement shall be met unless a rationale
is provided, demonstrating that the non-conformity is deemed acceptable, i.e. the corresponding
objectives are still achieved.

4.2

Safety test objectives

4.2.1 Objectives

The

4.2.2

The

obje(
prac

ation.

hjective of 4 2 is to specify the relevant safety test nhjprfiqu for the ADS safety evalu

General

afety test objectives represent the safety properties of the ADS to be shown.via a set
tives are derived from general risk acceptance criteria like the principlesvof“as low aj
icable’ (ALARP), of ‘minimal endogenous mortality’ (MEM), of ‘positive risk balance

of applicable regulations. The safety test objectives are either derived frém or provided byj

sour
by u4

a)

b)

The

argu

NOTH
test d

4.2,

ce like ISO 21448 or by a related regulation[11]. The safety test objjéctives are typicall
ing, for example, one of the two following procedures.

$afety test objectives specified as a boundary value (upper/or-depending on the formu

Iboundary value) of the acceptable and demonstratable‘occurrence rate of a measuy
felated behaviour of the ADS (or its elements) during operation within the operational

EXAMPLE 1 A hazardous behaviour of the system that is evaluated as critical, does not o
hours of test operation within the operational domaih.

I
I

EXAMPLE 2 The perception element forwards’incorrectly perceived objects to the control
han once per y hours during operation withinthe operational domain.

EXAMPLE 3  The relative frequency ofundesired behaviour in a given scenario is lower than

$afety test objectives specified as)a performance reference model regarding the capg

ADS to handle certain scenarios safely, based on minimum performance levels requir
cenarios.

i
1

FXAMPLE 4  The ADS.is-Capable of preventing any accident that would be preventable a
eference performange model of a competent and careful human driver.

safety test objectives are chosen in such a way that their fulfilment supports the oy
ment of the ADS” They represent a measurable or observable property of the ADS.

Additional safety arguments (e.g. safety analysis) can be a necessary part the fulfilment
bjectives to demonstrate that the overall safety argument is valid.

pf tests. The
reasonably
(PRB), and
an external
y expressed

ation, lower
able safety-
domain.

ccur during x

element less

X.

bility of the
ed for these
ccording to a

verall safety

of the safety

Input to this clause

4.2.3.1 Prerequisites

The

following information shall be considered if available:

industry standards (e.g. ISO 21448, the ISO 26262 series);

operational design domain (ODD);

design and functionality of the ADS, including the intended behaviour;

other safety-relevant scenario catalogues (e.g. NCAP).

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=e37ac1ae3f41d2a239d4b491427b5dbf

ISO 34502

:2022(E)

4.2.3.2 Further supporting information

The following information can be considered:

— trafficr

ules and regulations (e.g. Reference [11]);

— government guidelines (e.g. References [7][8][9]);

— regional specific social norms (e.g. Reference [12]).

4.2.4 Requirements and recommendations

The safety t

NOTE M
sources or fo

4.2.5 Woj

Safety test

bst objectives derived from external sources shall be specified.

- different levels of abstraction.

'k products

bjective(s) resulting from requirement 4.2.4.

4.3 Specification of the relevant scenario space

43.1 Obj

The objectiy

4.3.2 Gen

The relevant scenario space describes the possible scenarios that the ADS can encountdr,

consideratid

4.3.3 Inp

4.3.3.1 Py
The followi
— safetyt
item de

specific

pctives

e of 4.3 is to define and specify the relevant scenario space.

eral

n of the ODD and the possible manoeuv¥es of the ADS.
it to this clause

erequisites
1g information shall beyavailable:

bst objectives in@ecordance with 4.2;

finition in accordance with ISO 26262-3;

ption of'the functionality in accordance with ISO 21448;

capabililties of the ADS (e.g. according to ISO/TR 4804);

Litiple safety test objectives can be specified to reflect the requirements from different extlernal

ODD;

other safety-relevant scenario catalogues (e.g. NCAP);

description of the design and the functionality of the ADS, including the intended behaviour;

sources of information based on which parameter ranges can be defined (e.g. traffic monitoring

data, accident data, field operational test, naturalistic driving data, insurance data, map and road

data, ex

10

pert knowledge, coverage requirements).
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4.3.3.2 Further supporting information

The following information can be considered:

— regulations (e.g. Reference [11]);

— government guidelines (e.g. References [7][8][9]);

— regional specific social norms (e.g. Reference [12]);

— scenario attributes.

4.3.4 Requirements and recommendations

4.3.4.1 The relevant scenario space shall be specified.

NOTE 1  Functional, abstract, logical and concrete scenario definitions can be used tesupport the|specification
of the relevant scenario space.

NOTE 2  The technical representation can be the ASAM OpenSCENARIO formati131.

NOTE 3 The specification of the relevant scenario space can include* parameter ranges amd statistical
distributions.

4.3.§ Work products

Specification of the relevant scenario space resulting from 4.3.4.
4.4 | Derivation of critical scenarios based-on risk factors

4.4.1 Objectives
The ¢bjectives of 4.4 are:
a) foanalyse the relevant scenatio space to identify risk factors;

b) o determine critical scenarios with the help of risk factors.

4.4.1 General
Therg are different\possible approaches to identify safety critical scenarios via analysis (Jee Figure 1,

ISO 41448 and the\ISO 26262 series). This document focuses on the scenario-based approadh to identify
criti¢al scenatios with the help of risk factors.

4.4.3 _‘Input to this clause

4.4.3.1 Prerequisites
The following information shall be available:
— the information listed in 4.3.3.1;

— relevant scenario space in accordance with 4.3.5.

4.4.3.2 Further supporting information
The following information can be considered:

— testresults from previously tested scenarios.

©1S0 2022 - All rights reserved 11
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4.4.4 Requirements and recommendations

4441 1d

entification of risk factors

4.4.4.1.1 Therelevant scenario space shall be analysed to identify risk factors.

NOTE 1

Annexes A, B,

NOTE 2
for a detailed

C and D for detailed examples.

example.

The physics principles approach can be used to identify the risk factors relevant to the ADS. See

The criticality analysis approach can be used to identify risk factors relevant to the ADS. See Annex E

4.4.4.2 Dq

4.4.4.2.1

NOTE 1
examples.

A

NOTE2 Fd
not considere
of view of as
road surface.

NOTE 3

4.4.4.2.2
specified.

I

NOTE1 A
Reference [14

NOTE2 A
the amount (¢
Annex L.

NOTE3 R

erivation of critical scenarios based on the analysis of the risk factors

'he critical scenarios shall be identified under consideration of the identified\risk factd

structured approach can be used to fulfil this requirement. See Annexes A, B}-€ and D for de

r this analysis, specific system issues resulting from, for example, machine learning algorithm
d. System restrictions are considered as far as physics principle aspects are concerned, e.g. the
ensor or the limited ability to decelerate in case of low friction coefficient between the tyres ar
As such they reflect the general technical and physical limitations of the system.

The critical scenarios can be described as functional, abstract,logical or concrete scenarios.

For the critical scenarios identified in 4.4.4.2.1%a representative set of scenarios shd
methodology for the determination of parameter ranges from real traffic data can be foul

.

methodology for the determinationoftraffic data sufficiency, by establishing a relationship betj

gional, national and international ordinance, guidelines and regulations can be used to dete

parameter radnges and statistical distributions.

NOTE4 A

4.4.5 Woj

Set of critic4

4.5 DeriV

et of logical scenaries’can be used to derive a set of concrete test scenarios.

'k products

| scenarios resulting from requirements in 4.4.4.

ation of test scenarios based on covering the relevant scenario space

I'S.

ailed

S, are
field
d the

1l be

Ind in

ween

f data collected and the accuracy of’the parameter ranges defined from the data can be found in

mine

4.5.1 Objectives

The objective of this clause is to derive a set of test scenarios. The set of test scenarios is chosen in such
a way that the relevant scenario space is sufficiently covered.

4.5.2 General

This approa

12

ch addresses the task 1.1.2 mentioned in Figure 1.
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4.5.3 Input to this clause

4.5.3.1 Prerequisites
The following information shall be available:
— the information listed in 4.3.3.1;

— relevant scenario space in accordance with 4.3.5.

4.5.3.2 Further supporting information

The following information can be considered:

— et of critical scenarios based on risk factors in accordance with 4.4.5;

— flest results from previously tested scenarios.
4.5.4 Requirements and recommendations

4.5.4.1 Incase of safety test objectives based on a performance reference model, a set of tdst scenarios
shall|be specified under the consideration of the performance reference model (see 4.2.2).

NOTH The definition of test scenarios can be supported by a;scenario database (see Annex G).

4.5.4.2 Asetoftestscenarios shall be specified to enstre a sufficient coverage of the relevpnt scenario
space (see 4.2.2).

4.5.§ Work products

Set of test scenarios resulting from requirements in 4.5.4.
4.6 | Derivation of concrete test scenarios and test scenario allocation

4.6.1 Objectives

The ¢bjectives of 4.6 are:

a) fo define general réquirements for testing concrete scenarios;

b) fo provide guidance for the allocation of test scenarios to different testing platforms;

c) 1Yo defifte'general capability requirements for tools used for verification and validation,

4.6.2 __-General

In general, different platforms, including simulation/virtual test platforms (VTP), track-test platforms,
and real-world test platforms, can be used individually or in combination for scenario-based safety
evaluation. While using them, each platform fulfils different requirements relating to accuracy,
repeatability and traceability (see 4.6.4.3).

4.6.3 Input to this clause

4.6.3.1 Prerequisites
The following information shall be available:

— the information listed in 4.3.3.1;
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— relevant scenario space in accordance with 4.3.5;

— information about the capability of the testing platforms to be used (see Annex F).

4.6.3.2 Further supporting information
The following information can be considered:
— setof test scenarios in accordance with 4.5.5;

— results from previously tested scenarios;

— exposufe data (e.g. based on recorded data, statistics, etc.).
4.6.4 Requirements and recommendations
4.6.4.1 Derivation of a set of concrete scenarios to be tested

4.6.4.1.1 To achieve a test coverage of the scenario space sufficient for the regurired safety arguinent,
parameter ranges and their combinations shall be defined for testing.

NOTE1 An approach to segment the scenario space and to define relevant{epresentative scenarios chn be
found in Anngx E.

NOTE 2  Iffthe databases of the parameter distribution are insufficient, parameter variation methods cpn be
used (see Anpnex G), e.g. Monte Carlo methods, methods considering parameter dependenciesl13! or risk-based
model metholds[16l.

NOTE3  When selecting representative test scenarios, scenarios involving multiple risk factors cqn be
given speciall consideration. The combination of multiple niild factors can potentially lead to a severe casg. For
example, for pnowy weather, non-favourable light conditions, and an aggressive cut-in by a surrounding vehicle,
the combined scenario considering all these factors ean potentially be very dangerous.

4.6.4.1.2 The definition of concrete parameter values and their combinations shall be based on the
relevant safety test objectives provided.in.4:2.

NOTE1 Uging randomly selected caonhcréete test scenarios can support the safety argument against unkhown
hazardous scenarios. See Annex K forimore details.

NOTE 2  Pqrameter variationzméthods can also help to identify new risk factors or the worst case cond]tions
for these risk factors. See AnfiexG for more details.

NOTE 3 In|the case of logical scenario, adaptive generation of concrete scenarios can be done for each lggical
scenario, dynjamically, based on results from previous tests.

4.6.4.1.3 Albtest scenarios that have been identified from 4.3 to 4.5 as relevant with respect tp the
Safety test haactivgnc dafinmad 10 49 challhatnactnd

etV o OtTIC O ToT 1oz, Straft oTtCotlTr

4.6.4.2 Allocation of tests to different test platforms
4.6.4.2.1 Relevant test scenarios shall be allocated to at least one test platform.

4.6.4.2.2 The selected test platform shall be suitable for the assigned test scenarios.

NOTE1 Theallocation of tests to VTP can consider large number of scenarios. These platforms are particularly
suitable to execute tests that would be too dangerous or too complicated to execute in real life.

NOTE 2  The allocation of tests to track-test platforms can be based on pre-selected tests, e.g. certification

tests, test with a high relevance regarding drive dynamics and real sensor performance, rare events which can
hardly be seen in real-world tests or events on public road with less repeatability.
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The allocation of tests to real-world platforms can consider public road safety and can be based on

high relevance regarding real system performance. Depending on the possibility to control each single parameter
the surrounding conditions can vary more or less randomly.

4.6.4.3 Capability requirements for qualification of the used platforms (including models)

4.6.4.3.1 VTP and track-test platforms shall deliver the same repeatable and reproducible results,
within reasonable tolerances.

4.6.4.3.2 VTP track-test platforms and real-world platforms shall deliver traceable results.

NOTH
4.6.4

4.6.4
ADS

NOT]H
test
of thd
is als

4.6.4
by cd
prev
and {

4.6.4
asto

NOTH

NOTH
Addit

NOTH

EXAN
the-1

4.6.5

4.6.5

Traceable refers to the relation between safety test objectives, test scenarios and testrie
.3.3 Platforms shall be suitable to perform their allocated tests.

.3.4 Platforms shall provide all necessary functionalities in sufficient)quality. The
Lest can contribute to the validation of the test result itself, as well to-the’validation of

Depending on its architecture, a VTP can contain several systenis-(e.g. scenario gener
hanagement system, data management system, simulation system, evaluation system). Wheth
functionalities of those systems is sufficient for the purpose of virtual testing of ADS can be
b applicable to other test-platforms.

.3.5 To ensure that the used platforms are working’correctly, the test results can
mparison with the test results of a more realisti¢;platform (e.g. vehicle) or of anot}
ously validated (e.g. concrete test scenarios rufi.on track tests to validate the virtual
he functionality of the tools).

.3.6 The result of an ADS test can contribute to the validation of the ADS behaviour i
the validation of the tool.

1  The validation of the platform.is done by using a representative subset of the concrete td

2 One possible way for thetqualification of the VTP using statistical methods can be foun
ional metrics can also be gonsidered for, e.g. state changes, integration errors.
3 IS0 26262-8:2018, Clause 11 provides additional information regarding tool qualificatio

PLE One example is to qualify the hardware-in-the-loop (HiL) by comparison of HiL tests
op-tests (ViL)and then qualify the software-in-the-loop (SiL) by comparison with the HiL.

Workproducts

.- A set of concrete test scenarios in accordance with requirements 4.6.4.1.

sults.

result of an
the tool.

htion system,

br the quality
hecked. This

be validated
ler platform
test results

kself, as well

st scenarios.

d in Annex F.

n.

to vehicle-in-

4.6.5.2 Testallocation report in accordance with requirements 4.6.4.2.

4.6.5.3 Report of the fulfilment of the capability requirements for qualification of the used platforms
in accordance with 4.6.4.3.

4.7

Test execution

4.7.1 Objectives

The objectives of 4.7 are:

a)

©ISO

to provide relevant information for test execution;
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b) to provide information for efficient testing.

4.7.2 Input to this clause

4.7.2.1 Prerequisites

The following information shall be available:

— the information listed in 4.3.3.1;

— relevant scenario space in accordance with 4.3.5;

— test end criteria (e.g. x % logical or concrete scenario or y % confidence to achieve positivg
balance);

— set of sdenarios to be tested, including test allocation from 4.6.5.
4.7.3 Requirements and recommendations

4.7.3.1 Ge¢neral requirements

4.7.3.1.1

4.7.3.1.2

used until ajsufficient coverage according to the safety test objectives defined in 4.2.5 is achieved.

4.7.3.2 Simulation/virtual tests

VTP tools shall fulfil the capability requirement (see4.6.4.3).

4.7.3.3 Track tests

4.7.3.3.1
accuracy.

4.7.3.3.2

4.7.3.3.3

4.7.3.3.4

4.7.3.3.5

All defined test scenarios from 4.5 shall be executed.

[f complete coverage does not exist within the data,cat)least one variation method shd

For test execution in track.fests, the test scenarios shall be replicated with suffi

Track-test tools shall-fulfil the capability requirement (see 4.6.4.3).

Real-world toelsshall fulfil the capability requirement (see 4.6.4.3).

risk

111 be

cient

The vehicles used for track tests shall be equipped with qualified measurement equipment.

The behaviour of all relevant dynamic entities shall be documented for the evaluation.

4.7.3.4 Real-world tests

4.7.3.4.1 Guidelines and limits regarding route selection, weather, surrounding conditions, etc. can
be considered to support the execution of real-world tests.

4.5.3.4.2 The test vehicles used for real-world testing shall be equipped with qualified measurement

equipment.

16
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4.7.3.5 Test coverage of the provided test scenarios and the relevant scenario space

4.7.3.5.1 All relevant scenarios provided by 4.6.5 shall be executed within at least one of the
platforms.

4.7.3.5.2 A sufficient test scenario coverage of the relevant scenario space shall be fulfilled before
ending the test execution.

NOTE The achieved test coverage of the ODD is part of this evaluation.

4.7.3

NOTH
4.7.4

4.74

4.74
4.8

4.8.1
The

4.8.2

In g
obje(

4.8.3

4.8.3
The {

— 1

a o . . tedtted : -

It is ensured that the most critical scenarios from the dedicated set are still considéexed.

Work products

.1 Results report for each test scenario in accordance with requirements in 4.2.5
4.6.5

.2 Overall test report summary.
Safety evaluation

Objectives
bjectives of this clause are:
o define general requirements for the eyaluation of each test scenario;

o define general requirements for.overall risk evaluation.

General

neral, different approaches’can be used to enable a safety evaluation and to evaluate
tives are fulfilled.

Input to thistclause

.1 Prerequisites
ollowinginformation shall be available:

he-information listed in 4.3.3.1;

4.4.5, and

4
<

that the test

— relevant scenario space in accordance with 4.3.5;

— stochastic information (optional regional specific);

— results from the test execution 4.7.4.

4.8.3.2 Further supporting information

The following information can be considered:

— safety evaluation method as described in [SO/TR 21934-1.

©ISO
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4.8.4 Requirements and recommendations
4.8.4.1 A safety evaluation shall be done for each test scenario.

4.8.4.2 Pass/fail criteria for the evaluation of each test scenario shall be adopted from the
corresponding safety test objective.

4.8.4.3 The selection of the safety evaluation approach for each individual test scenario shall be in
accordance with the relevant safety test objective.

NOTE1 Aj hd in

Annex H.

NOTE 2  Pyobability distributions can be used to support the safety argumentation.

4.8.4.4 Ar evaluation regarding the fulfilment of all safety test objectives based on.the executed test
scenarios sHall be done.

=

NOTE 1 O]:e approach for the evaluation based on the physics principle approach €an’be found in Annex

NOTE 2  One approach for the evaluation based on positive risk balance can be found in Annex J.

4.8.5 Work products

Safety evalyation report in accordance with requirements in 4.8.4.
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Annex A
(informative)

Physics principles scenario-based approach

The objective of this annex is to outline a physics principles scenario-based approach for ADS safety
evaluation.

The
is co

strug

enab
appr

from|

scen

mmonly deemed infinite. When a scenario-based safety evaluation approach isyadopf]
tured scenarios become necessary to facilitate the handling of a large number of vari
le testing of these scenarios. This structuring of scenarios can be achieved\following
baches, including but not limited to descriptions from the outside of the ADS/(e.g. PEGA
the inside the ADS (e.g. SAKURA 3-categories), or by establishing. a-relationship |
irio structures and corresponding patterns reported in accident-databases. Indepel

humber of possible safety-relevant risk factors that an ADS may be confronted with iII\ real traffic

ed, logically
ables and to
A number of
bUS 6-layer),
etween the
hdent of the

inside and outside view, the resulting scenarios can be implemented bytechnical formats sych as ASAM

Oper]
from

In co

in re
scen
into

or S¢

rada

laser

SCENARIO. In this methodology, focus is put on a structuring of scenarios based on a
the inside of the ADS.

al traffic, the number of physics principles that an ADS can rely on for the safe hand
irios is limited. One approach to ADS design is to, decompose the dynamic driving
perception, judgement and control subtasks, and each of these subtasks is associat
veral specific physics principles. For example, perception subtasks are addressed
r- and lidar-based systems that rely on physics principles that govern light ray-, radig
propagation, respectively. V2X and digital maps, regarded as special perception sen

included. Similarly, judgement subtasks.are-addressed by path and speed planning base

actoy

and
are

s’ relative kinematics, which is the(branch of physics that describes the motion of po
bystems of groups of objects, without reference to the causes of motion. Finally, cont
ddressed by actuation commands so the vehicle can achieve the targeted path, speed :

thronigh vehicle dynamics, whieh:is the branch of physics concerned with the study of forg
effects on motion.

It is therefore hypothesized that, if risk factors and their corresponding critical scenario

incl
phys

safet]
for i
strud

ing one or more risk factors) are decomposed and logically structured in accordar
ics of the ADS{then it is possible to provide a holistic coverage of all the reasonably
y-relevant rogt causes for a given DDT (Figure A.1). This motivates the specific recon
erception-{ traffic-, and vehicle control-related risk factors, and the correspondi
tures elaborated in detail in Annex B, Annex C and Annex D, respectively.

description

ntrast with the infinite number of safety-relevant scenarios that an ADS may be conffronted with

ling of such
task (DDT)
bd with one
by camera-,

wave-, and
sor, are also
d on traffic
ints, objects
ol subtasks
ind stability
es and their

s (scenarios
ice with the
foreseeable
mendations

ng scenario
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The method
structured

A.1 — Outline of the physics principles scenario-based approach for-ADS safety

evaluation

bxt, perception-related risk factors refer to conditions under which the ADS of the subject

fail to correctly perceive the situation, possibly leading tO a critical scenario (sce
s one or more perception-related risk factors). Perception;related critical scenarios
F of a combination of conditions that are intrinsic or_extrinsic to the sensor or ve
intrinsic reasons include part mounting (e.g. unsteadiness related to sensor mounti

nario
may
hicle.
g or

ng variability), or vehicle conditions (e.g. vehiclesinclination due to uneven loading that
hsor orientation, or sensor shielding with external attachments such as bicycle rdcks).
hsons include environmental conditions (e.g.ssensor cloudiness, dirt, light) or blind §pots

urrounding vehicles.

ed risk factors refer to conditions under which the ADS of the subject vehicle may fail

judge the situation, possibly leading to a traffic-related critical scenario (scenario

that

or more traffic-related risk factors]. Traffic-related critical scenarios may be resultgnt of
bn of the following factors: road sector (e.g. main roadway, merging zone), subject-vdhicle
.g. lane change manoeuvre),'and surrounding vehicle location and motion (e.g. cut-in

ehicle).

rol-related risk factors refer to conditions under which perception and judgement

from

work
lated

ario (scenario thabincludes one or more vehicle control-related risk factors). Vehicle conjtrol-
cal scenarigs)imay be resultant of a combination of conditions that are due to intyinsic

rs (e.g. totalweight, weight distribution) or extrinsic vehicle factors (e.g. pot holes, wi

ology proposed in this annex can be linked to different approaches to parameteris

nd).

b the

Criticdl scenarios based on traffic situation-, perception- and vehicle control-related risk

factors, and

the relevant safety test objectives based on performance reference models, such as UN/

WP29/R157 regulation (Figure A.2). By systematising and defining reasonably foreseeable and
preventable ranges for each of the traffic-related critical scenarios, whenever quantitative criteria are
established by the regulations, these criteria can be incorporated into the testing. When combining
different factors and variables to develop the scenarios and defining the corresponding parameter
ranges, observed real-world data may be used to prevent the generation of scenarios that cannot exist
in reality. Based on these traffic-related critical scenarios, it is then possible to expand the evaluation to
incorporate perception- and vehicle control-related critical scenarios into the assessment.
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Traffic-related

Reasonably foreseeable and
preventable boundaries

Safety risks: critical scenarios
— Collision with other o
traffic participants or NE .
obstacles i Safety test ;' JPreventable
e cerones LTI “Fowsonany
< based on, e.g. Hmhll. t i foreseeable
UNIRISZRABRSE = ™ ° 2ot °

Perception-related critical scenarios

V Vehicle control-related critical scen

arios

Avoid collision due to perception
risk factors

Avoid lane departure due to vehicle

control risk factors

Fig

As A

in this subclause. In general, it will be possible to

upddte them accordingly, e.g. due to observed incidents/accidents and newly identified risKk

ure A.2 — Determination of a set of structured scenarios to petentially be tested
the recommended scenario structure and safety objectives

DSs are released into the market, evidence can be gathered\to strengthen the hypothes

based on

revisit.the proposed scenarios and, i
factors.
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Traffic-related critical scenarios

ral

The objectiy
structured

definition of

Traffic-relat]
M, N and L)

specific sceparios (Figure B.1).

B.2 Gend

B.2.1 Gen

General vel
and classify
vehicle locaf

e of this annex is to define specific traffic-related risk factors and their correspof]
Critical scenarios in relation to the physics principles approach outlined in Annhex A
output of thfis annex is a set of structured functional traffic-related critical scenarios. Guidance o

ed critical scenarios are classified into general vehicle specific (including vehicle categ]

parameter ranges for logical scenarios can be found in Reference [14].

motorcycle-specific (vehicle categories L), and other traffic participants or obstruct]
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Figure B.1 — Traffic-related.critical scenario classification
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eral

icle specific traffic:related critical scenarios are developed by systematically anal
ing different combitations of road sector, subject-vehicle behaviour, as well as surrout
ion and motion (Figure B.2).
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Figure B.2 — General vehicle specific traffic-related critical scenario structure schematic

B.2.2 Road-sector classification

In order to develop 'general vehicle' specific traffic-related critical scenarios, as the document focuses
on highways, road sector is classified into three categories: main roadway, merge zone, and departure
zone. This road-sector classification for scenario development has been deliberately simplified so it can

be applied t
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o motorways internationally.
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B.2.3 Subject-vehicle behaviour classification

A lane change manoeuvre from a contiguous lane or from a merging lane may differ in road-sector
category, but share the subject-vehicle behaviour. The same holds for lane-keeping manoeuvres.
Therefore, possible subject-vehicle behaviours are categorised into lane keep and lane change. This
simple categorization of vehicle behaviours, in combination with the road sector information provided
previously, leads to six combinations (Figure B.3).

Subject-vehicle behaviour

Lane keep Lane change
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ector

Merging
zone

QL=
\7

- ) o

Departure
zone

%]

-
"
M

NOT fuations are

horiz

This figure explains the left-hand driving traffic situations. Right-hand driving si
ontal mirrored.

vehicle

o

igure B.3 — Road sector and subject vehicle behaviour parameters surrounding
locatiens and motions classification

the adjacent
the subject

The location of surrounding yehicles to be considered in the scenario structure is defined as
locatjions in eight directions-around the subject vehicle, since these vehicles may invade

vehid
the
sudd|
this

note

le’s trajectory. In addition, when there is a large speed difference between the lead
ehicle ahead of theTead vehicle, the former may cut out to avoid a collision. If this c
enly, the oncoming subject vehicle may also need to intervene for crash avoidance.

] as ‘+1’ (Figure B.4, left).

vehicle and
out occurs
account for

T‘{
bossible scendrio, the location of the vehicles ahead of the lead vehicle is also considlered and is

Posslble, metions of the surrounding vehicles are categorised into four groups: cuftin, cut-out,
acceleration and deceleration. It is noted that this categorization refers to conditions relative to the
subjeé chicte—theretore clerattonr—or—deceleration eEoFrie HHD elative velocity

differences with respect to the subject vehicle. From the perspective of safety evaluation, it is possible
to minimize the number of evaluation tests by focusing on the motion of the target participants that
may obstruct the subject vehicle's trajectory (Figure B.4, right chart). For example, deceleration of
vehicles in locations 5, 2 and 8 does not become obstructive to the subject vehicle, and therefore can be
excluded from the safety analysis. The circles in the chart indicate the cases in which the corresponding
combination of surrounding vehicle locations and motions may become obstructive to the subject
vehicle, and therefore can be considered in the safety analysis.
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Figure B.4 — Surrounding-vehicle locations (left) and combination of surrounding-vehicje
locations and motions that may obstruct to the subject vehicle (right)

Surrounding-vehicle location and surrounding-vehicle motion risk factors can be structurgd in
accordance with Figure B.5.
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Subject / --"

Figure B.5 — Structuring of surrounding-vehicle location and motion risk factors

B.2.4 Resulting general vehicle specific traffic-related critical scenarios

As aresult of the systematic process described, a methodology to structure scenarios as a combination
of road sector, subject-vehicle behaviour, surrounding-vehicles location and motion is proposed. The
structure consists of a matrix containing a total of 24 possible combinations that are feasible in real

traffic (Figure B.6).
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Figure B.6 — General vehicle specific traffic-related critical scenarios

B.3 | Motorcycle-spec¢ific traffic-related critical scenarios

B.3.1 General

In general, theYclassification of surrounding-vehicle locations and motions described
(Figure B.6)-applies to four-wheelers and motorcycles. However, in some cases, motorcycle
throughsrediuced spaces within the same lane as the subject vehicle, incurring additional saf
scengrios:

previously
s may travel
ety relevant

Analogously to the systematised process described for general vehicle specific traffic-related critical
scenarios, a methodology is proposed to structure motorcycle-specific traffic-related critical scenarios
as a combination of road sector, subject-vehicle behaviour, and surrounding-motorcycle position and

motion (Figure B.7).
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Figure B.7 — Motorcycle-specific traffic-related critical scenario structure schematic

B.3.2 Sur

Two additio
scenarios th

As illustratsg
either side o
illustrated i
(b) from reg
in the right

leaning tow
retreating (

rounding motorcycle-specific location and motion classification

hal location definitions (left and right) are added and applied to define a series lof poq
at could potentially affect the eight surrounding vehicles.

d in the left side of Figure B.8, motorcycle-specific locations [L] and [R]}'are positiong
h the middle section of Figure B.8) by decelerating (a) from lead position 1, by acceler
side of Figure B.8, motorcycles may also move out of locations,[I:] and [R]. They can do

hrds and approaching the subject vehicle laterally (d), by advancing (e) to a lead positid
) to a rear position.

sible

d on

ff the subject vehicle and within the same lane. Motorcycles may movednto these locations (as

ating

r location 2, or by changing lanes (c) from surrounding locations.3,; 4, 5, 6, 7 or 8. As shown

50 by
n, by

Motorcy

<]

Additiona
motorc

Accelera

Lean.
Advance
Retreat.

Surrounding motorcycle motions

rcle-specific locations
s

locations to account for ./

ycle-specific scenari
[&°

O

From specific locations

Into specific locations

Deceleraltion{

Fion!

Lane change.

Figure B.8 — Surrounding motorcycle-specific locations that may obstruct the subject vehicle

(le

26

ft) and surrounding-motorcycle motions into (middle) and from (right) them

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=e37ac1ae3f41d2a239d4b491427b5dbf

ISO 34502:2022(E)

B.3.3 Resulting motorcycle-specific traffic-related critical scenarios

The structure is represented by a matrix containing a total of 36 possible combinations. From these,
all the combinations involving subject-vehicle lane change are excluded because it is not feasible for
the subject vehicle or because as soon as the subject-vehicle lane change manoeuvre is initiated, the
motorcycle does not have the option to execute any of the pre-defined motorcycle manoeuvres. This
leaves a total of eight scenarios that are feasible in real traffic and therefore are incorporated into the
safety evaluation (Figure B.9).
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Figure B:9 — Motorcycle-specific traffic-related critical scenarios

Critical)scenarios for other traffic participants or obstructions

emailling critical scenarios for other traffic participants (e.g. pedestrian or cyclists) or ¢
é1ane (e.g. fallen objects, animals, temporal installations) can be defined as gener

re horizontal

bstructions
ic scenarios

by adding simplifications to the general vehicle scenarios (€.g. number four and eignt in Figure B.6,
or number six in Figure B.9) and substituting the surrounding vehicle by the corresponding traffic
participant or obstruction. The premise for these scenarios is that they have been properly perceived
by the system (see Annex C for perception targets).
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Annex C
(informative)

Perception-related critical scenarios

C.1 General

The objectiye of this annex is to provide guidance on how to define specific perception-related risk
factors and their corresponding structured perception-related critical scenarios in (relatign to
the physics |principles approach outlined in Annex A. The output of this annex is a setrof.Structured
functional perception-related critical scenarios, complemented with a few exampleslincluding the
definition of parameter ranges for the corresponding logical scenarios.

Perception-telated critical scenarios are categorised into perception limitation, blind spot| and
connectivity scenarios (Figure C.1).

/ Perception /

/ Perception limitation // Blind spot / / Connectivity /

Figure C.1 — Perception-related critical'scenario classification

C.2 Perception limitation related critical scenarios

C.2.1 General

Perception limitation related critical s¢enarios are defined as a combination of perception-related risk
factors whi¢h are dependent on the-physics of the system. Although numerous risk factors may gause
perception-telated critical scenarios; the number of factors that need to be considered in devel¢ping
scenarios mpy be substantially@educed by cross checking causal factors with the sensor-related phiysics
principles. Higure C.2 further-illustrates this process. On the upper left part, a perception risk factor
related caugal factor classification is provided in the form of a tree. On the upper right, a classification
of perception-related physics principles is provided by sensor type. Figure C.2 provides an illustrative
image of thik crosschéck. Please see Table C.1 for a detailed version. An example of physical principle is
a “large differencewofsignals” power, like a reflection signal from truck and motorcycle”.
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The causal factors for perception-related risk factors are defined in consideration of the characteristics
inherent to sensor perception of different sensor technologies (e.g. radar, LiDAR, camera) according to
three categories: subject vehicle-sensor, surrounding environment and perception target (Figure C.3),
which allows for a categorization of related factors. Each of these categories is further decomposed as

illustrated in Figure C.4.
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Figure C.3 — Perception limitation related risk factor classification
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cle-sensor related perception risk factors are organized according to three categ
cle factors, sensor factors, and those due to the front surface of the sensor (Figure C.5).

ries:

Figure C.5 — Subject vehicle-sensor perception limitation related risk factor classification

Subject vehicle-related risk factors are subcategorised according to vehicle conditions and posture. For
example, permanent factors such as customised tyres or suspensions, motor vibration or suspension-
induced vibration, or misalignments due to poor maintenance. Vehicle-posture factors include, for
example, overload that induces vehicle pitching and alters the sensor orientation.

Sensor-risk factors are classified according to factors related to the sensor itself and those related to
the sensor mounting. The former includes cases where the performance of the sensor is deteriorated,
for example, due to power failure, heat, or lens wear. The latter includes installation position, mounting
angle, axis misalignment, etc.

30
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Sensor front surface factors are further classified into those that are time dependent (e.g. water drops
or mud that vary with time when the vehicle is in motion) and those that are relatively independent
from time (e.g. customized sensor mounting parts, or degradation due to temperature changes or sun
wear).

Surr

ounding environment factors classification

The surrounding environment may inhibit recognition between the subject vehicle and the perception
target. Surrounding environment related perception risk factors are classified into structural objects,
transmission medium between the sensor and the target, and surrounding objects, as shown in

Figure C.6.
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Figure C.6 — Surrounding environment related perception risk factor classific

eption target factors classification

eption target-related risk.factors are classified into four layers: road, traffic
ructions on the lane, and moving objects (Figure C.7, including a mapping to the s
s). Road includes lanes,'structural objects with certain height, and road edges. Traffic

comprise traffic lights, road signs and pavement markings. Obstructions on the road inclug

and 1
motd

emporal installations. Moving objects comprise other traffic participants including ot
rcycles, bicycles,pedestrians and animals.

tural objects are classified into road surface, roadside objects, and overhead objg
ed to the transmission medium are classified into particles (e.g. rain, fog, mud),radiq
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Figure C.7 — Perception targets related perception risk factor. classification

C.2.3 Pergeption risk factor related physics principles

When a sengor detects a target object, a perception-related critical¥'scenario may occur due to a number
of factors. Although the fundamental principles for perception¢risk factors vary from sensor to sensor,
it is possibld to classify them under the following rationale;

— perceptjon risk factors are classified as: “occurrences at perception processing”, “occurrendes at
recognition processing”, and “others”;

— risk facfors derived from perceptual procéssing are classified into signal (S) from the targeted
objects pnd conditions that alter the signalfrom the targeted object (noise N, unnecessary signal U);

— signals p and, N or U are to be listed.as possible risk factors.

Figure C.8 [shows an example oflhigh-level perception risk factor physics principles for frpntal
millimetre-yvave radar. Figure €.9 shows an example of detailed perception risk factors relat¢d to
physics principles for the same type of sensor.
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Figure C.8 — Physical principle structure of perception risk factors related to millimetre-wave
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hario extraction by cross checking causal factors and physics principles

ion-related critical scenarios generated from causal factors and physics principleq
ed on millimetre-wave radar can‘be’summarized by the following Table C.1. In this {
on-related causal factors are displayed in horizontal rows and the perception risk f
ics principles related to the sensor are arranged in the vertical direction. For each prin
hat may cause a perceptignyrelated critical scenario are displayed with a circle.

f factors circled in the.same column indicate that the perception risk factors shar
- physical principlé~For example, in a millimetre-wave radar there may be a perce
hat leads to theésignal (S) intensity difference increasing due to two types of factor;
structure showing the roadway, and the shape and size of an object installed on the
, the evaluation of the perception risk factors of the large signal (S) intensity differ
dered equivalent regardless of which of the above two factors causes the critical scer

cenario representative of this principle is selected based on the following concepts:

of U

(for
able,
hctor
Ciple,

b the
btion
: the
road.
ence
ario.
P, an

-

among
percept

ausal factors tirat betong to the same principte, the ones mmore severely affectin
ion performance are selected;

the

— if there are multiple items with equivalent effects on performance, those that are more frequently
encountered in the market are prioritized.

Table C.1 — Example of matrix of causal factors and physical principles for millimetre-wave
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C.2.5 Perception-related critical scenario examples

Figure C.10 and Figure C.11 show examples of a perception-related critical scenarios for millimetre-

«

" and of “no signal”, respectively.

«

iples of “signal reflection

ics princ

wave radar phys
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Sensor : millimetre-wave radar
Physical principle : Reflection (indirect wave)

[Scenario for evaluation of 'Reflection’] || [Evaluation parameters]

Guardrails, buildings,
Types of road side p.arapets ofbrldgfes, road
signs, sound barriers,
structures .
rubber poles, wire ropes,
. signs, etc.
Variable
parameters Lateral distance to
road side structures Q8~38
(m)
(Scenario dlescription] Road radius (m) 100, o3
Multipath|occurs from reflections on .
- ; . Vehicle speed (kph 10~0DDmupper limit
roadside dtructures such as metallic noise , peed (kph) PP
barriers, resulting in ghosts Fixed - _
parameters

Figure C.1Q0 — Perception-related critical scenario example for signal reflection on millimdtre-
wave radar

Sensor} millimetre-wave radar
Physical principle: no signal (partial)

[Scenatio for evaluation of 'no signal'] [Evaluation pardmeters]

Types of road side Guardrails, buildings,
Structures parapets of bridges, road
signs, sound barriers,
Variable rubber poles, wire ropes,
parameters signs, etc.
Perception targets Other vehicles,
motorbikes, bicycles,
wall pedestrians.
Relative speed (kph) 0ODD speed limit
) o Distance to the
(Scenari¢ description] Fixed perceived object (m)
A part of the obje'ct cannotbe recognizied parameters | Lateral distance to road
because|the path is blocked-by a roadside side structures (m)
structurg such as a wallL R :
oad radius (m)

Figure C.1l — Rerception-related critical scenario example for “no signal” on millimetre-wave
radar

In reality, multiple causal factors for perception-related risk factors may occur at once, e.g. camera
perception limitations in snowy conditions with strong reflections of sun light from a snowy surface. A
variety of tests should be done when causal factors would be considered to be validated. The physical
principle based approach has the potential to combine multiple causal factors into one test scenario.
The combination of multiple physical principles can also be considered.

C.3 Blind spot related critical scenarios

C.3.1 General

The traffic-related critical scenario structure described previously (Figure B.6) stands on the premise
that the surrounding vehicles are detected by the system. However, in actual traffic environments,
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surrounding vehicles or road structure elements may obscure other vehicles in the periphery (hereafter,
blind spot vehicles). Therefore, safety-relevant scenarios involving blind spot are conceivable and are
incorporated into the safety analysis.

Blind spot-related critical scenarios are classified into three subcategories: blind spot vehicles, road

struc

ture and road shape (Figure C.12).

Blind spot |
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Road shape
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C.3.2

der to structure blind spot vehicle scenarios, 16 new additional location definitions ¢

noted that each surrounding vehicle may induice blind spots that affect not only th

int for blind spot vehicles, induced as a combination of road curvature and surround
e same lane as the subject wehicle is presented in Figure C.14. Analogously, blind spo
punding vehicles in a lateralor a diagonal position with respect of the subject vehicle aj
pure C.15 and Figure C.16;/ respectively.

Blind spot
vehicle

Subjct

Figure C.12 — Blind spot related risk factorclassification
Blind spot vehicle related critical scenarios

ight surrounding vehicle locations previously défined (Figure B.4, left), as shown in

le right behind the surrounding vehicle, but@lso other surrounding or peripheral veh
cularly the case in curves where, as the-subject and the surrounding vehicles negotiaf
lind spot area and the vehicle locations'that fall within this area change.

arify this dynamic phenomenpnjadditional figures and descriptions follow. The

Blind spot vehicle
locations 9-24

Surrounding vehicle
locations 1-8

AN

ire added to

Figure C.13.
b peripheral

ficles. This is

e the curve,

process to
ing vehicles
s related to
e presented

[20] 13 [9] 11 [15]
B [21] 6 [1] 31 |16
é) ) i N\ '
: = 7 [
(&) ~— - —
C>s 'd ~\ 'd N\ 'd Y
& [23] 8 [2] 5] [18

[24] 14 [10] 12 19

Figure C.13 — Subject, surrounding and blind spot vehicle locations applied to define blind spot
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The blind spot locations that may be induced by a surrounding vehicle in location 1 are shown in
Figure C.14. In the figure, a truck is used as a surrounding vehicle for illustration purposes. The only
safety-relevant blind spot location induced by the truck in a straight road is location 9. However, when
both the subject vehicle and the truck negotiate a right curve, the orientation of the truck with respect
to the subject vehicle changes, inducing blind spots in vehicle locations 6,9, 13, 20 and 21. Analogously in
left curves, vehicles in locations 3, 9, 11, 15 and 16 may be obscured by the truck. This adds up to a total
of nine blind spot locations (3, 6, 9, 11, 13, 15, 16, 20 and 21) from which potentially risky manoeuvres
can arise. Nevertheless, several of the risky manoeuvres that vehicles in these locations may take can be
indirectly covered by more technically demanding safety scenarios. For example, in a right curve a lane
change by a vehicle in blind spot location 20 will bring that vehicle to blind spot location 13. Therefore,
ifan ADS is evaluated in terms of its ability to safely handle the possible risky manoeuvres associated to
blind spot 1B (closer distance to the subject, and therefore lower time to react), it can be assumed that
the ADS can also handle the manoeuvre arising from location 20. Following a similar rationale; plind
spot locatiops 15, 16 and 21, can also be excluded from the final list of blind spot locations’)Thergfore,
the blind sppt locations induced by a vehicle in location 1 that are considered in the final $afety anglysis
are reduced|to five locations (3, 6, 9, 11 and 13). These five locations are summarized(i-the simplified
rectangular{diagram on the right of Figure C.14.

Considering road curvature Simplified diagram

7200 oz PESEN | .9 e
013

Subj

y,
Subj

\_ Right

Curve Left curve /

Straight

Figure (
consid

[.14 — Blind spot locations due-to-a surrounding vehicle in longitudinal location
ering road curvature (left rectangle) and a simplified diagram (right rectangle)

shows all possible blind/spet locations induced by a truck in location 4, lateral to the supject
h straight road, the truck may induce five blind spot locations (3, 5, 16, 17 and 18). When

Figure C.15
vehicle. On

both the sul
surrounding
in three of {
the blind sp
by a vehicle
location 1.7
demanding
similar ratid

ject vehicle and thetruck negotiate a right curve, the number of blind spots increases
b or blind spot vehicle locations (1, 2, 3, 5, 6, 8, 16, 17, 18, 21 and 23). In left curves, vel
hese locations\(16, 17 and 18) may be obscured. In this case, a reduction in the numH
bt locations. considered in the safety analysis is also conducted. For example, a lane ch
in location'6 to the contiguous lane on its right side will bring it to a location simil
herefore; if the safety analysis is conducted, for the vehicle in location 1 based on the
sceriario principle, the manoeuvres by the vehicle from location 6 may also be cover

to 11
icles
er of
ange
ar to
most
ed. A

rale applies for vehicles changing lanes from locations 21, 8 or 23 to the contiguous lai

e on

their right.

deceleration of the vehicle in location 6 1s less demanding than a simultaneous [ane change

to the contiguous left lane by the subject vehicle and the vehicle in location 1. Therefore, a vehicle in
location 6 can be substituted by the vehicle in location 1. Similarly, acceleration manoeuvres by the
vehicle in location 8 are less critical than simultaneous subject vehicle and vehicle 2 lane changes.
Further, vehicle 16, 17 and 18 cut-in scenarios are excluded from the analysis since vehicle 4 is next
to the subject vehicle, and the subject vehicle cannot execute lane changes. Therefore, the blind spots
induced by a vehicle in location 4 that are considered in the final safety analysis are reduced to four
locations (1, 2, 3, and 5), which are summarized in the simplified diagram on the right rectangle in

Figure C.15.
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Considering road curvature

Simplified diagram

Straight

Left curve j

Figu

Figu}
subijg
Whe
surr
in tw
Figu}
scen
scen
closd
locat
16).

re C.15 — Blind spot locations due to a surrounding vehicle in lateral'location 4 ¢
road curvature (left rectangle) and a simplified diagram (right rectangle)

‘e C.16 shows all possible blind spot locations induced by a truck’in location 3, dia
ct vehicle. On a straight road, the truck may induce three(blind spot locations

h both the subject vehicle and the truck negotiate a right€urve, the blind spots incr
punding or blind spot vehicle locations (1, 6, 9, 11, 13, 15,"16, 20 and 21). In left cur}

‘e C.15, cut-in scenarios by vehicles in locations 6, 13,20 and 21 are replaced by more
hrios related to vehicles in location 9 and locatiofi”11. In addition, vehicle 6 and 13
hirios are replaced by a simultaneous subject vehicle and vehicle 9 lane change to the I¢

(

onsidering

bonal to the
11, 15, 16).
Pase to nine
Ves, vehicles

fo of these locations (15 and 16) may be obscured. Similarly to the previous cases presented in

challenging
Heceleration
pft, as this is

r and more demanding to handle. Finally, the-blind spot locations induced by a vehiclg in diagonal

ion 3 that are considered in the final safetyanalysis are reduced to five locations (1, 9, 11, 15, and

[hese are summarized in the simplified fectangular diagram on the right side of Figurg C.16.

Considering road curvature Simplified diagram
HEE
Hbse
Sulﬂ
Right cutve Straight Left curve y, \_ J

Figure C.16 — Blind spot locations due to a surrounding vehicle in diagonal loc3

tion 3

considering road curvature (left rectangle) and a simplified diagram (right rect

angle)

By applying analogy and symmetry principles to the three cases presented in Figure C.14 to Figure C.16,
all the blind spot locations considered in the safety analysis are summarizes in a single diagram

(Figure C.17).
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considered in the safety analysis

1d spot vehicle motigns are categorized into cut-in, cut-out, acceleration, and decelerat
the number of combinations that are considered in the safety analysis is made by foc
spot vehicleemetions that may obstruct the subject vehicle (Figure C.18). For examp
of vehicle$:in blind spot locations behind the subject vehicle (2, 5, 8, 10, 12, 14, 18, 1
arded for hot posing any risk to the subject vehicle. The circles in the chart indicat
ch the,corresponding combination of blind spot vehicle locations and motions may be
to-the'subject vehicle. They therefore are considered in the safety analysis.

C.17 — Diagram of all surrounding vehicle-induced blind spot locations that are|

I)S

n. A
ing
e, all
D, 23,
e the
rome

40

© IS0 2022 - All rights res

erved


https://standardsiso.com/api/?name=e37ac1ae3f41d2a239d4b491427b5dbf

ISO 34502:2022(E)

Vehicle locations

Blind spot vehicle locations and motions

A Blind spot Blind spot vehicle motion
[ 20] [ e ] [ 9 ] ( " ) [ = ] vehicle location | cyt-in | Cut-out | Acceleration | Deceleration
L y 1 ) ¢)
1 @EEE® N
g J \ J 3 (6) le) (o)
S AhEHE 50) | © °
: — ) - 0
= [23] [8 [2] 5 [18] 10 o o
\ 11 (13) o o
(24} (e (0] | (2]} 9)} e | ;
15 (20) o
Only Blind spot or . 16 (21) o
surrounding || surrounding Only bﬂmli
vehicle vehicle spot vehicle 18 (23) o
19 (24) o)

Figyre C.18 — Blind spot vehicle locations (left) and of-blind spot vehicle locations and motions

As a

(right)

result of the systematization process described, a structure containing all the

surrounding

vehig¢le related blind spot scenarios (as a combifiation of road sector, subject vehicle behaviour, blind
spot|vehicle motion and surrounding vehicle motion) is defined. The structure consists|of a matrix
containing a total of 48 possible combinations from which 31 correspond to scenarios thatlare feasible
in refl traffic (Figure C.19).
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- blind-spot vehicle

Figure C.19 — Blind spot vehicle related critical scenarios

C.3.3 Road structure element blind spot critical scenarios

Road structure element related blind spot scenarios are defined considering the location of an
obscuring road structure element and the relative manoeuvres between the subject vehicle and the
obscured vehicle. These obstructing elements may be inside the road structure. Therefore, depending

of th
relat
be ad

Fig
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is co
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How
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pd scenarios (Figure C.20). The vehicle location definitions previously defined (Eigu
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= Subject
Blind spot I\‘ ' EE vehicle
g vehicle 1 [ S
*03 location Subject
S vehicle
5 ok
> miE
=
. sl
thn.dlSpOt Blind spot
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Subject vehicle location
Figure C.21 — Location and inner barrier related blind spot definitions
The matrix presented in Figure C.22 summarizes the blind spot related perception limitation scenprios
related to the inner barrier. In the matrix, the four blind spots:previously defined (subject vehicle
represented by the blue square and the blind spot vehicles aredocated in the darker grey areag) are
combined wjith the five possible manoeuvres that vehicles in these spots may undertake (cut-in, cuf-out,
acceleration, and deceleration). This gives a matrix with 16 pessible combinations from which notjall of
them are safety relevant. For example, in a scenario containing an inner wall, the subject vehicle and the
blind spot vehicle would not be in the same lane and wowld therefore not cause any danger. In addjtion,
when parallel driving with similar speeds occurs with an inner barrier in between, the subject vehicle

and the bliq

This leaves

that are incq

d spot vehicle cannot approach each other. Therefore, all cut-out scenarios are exclided.

h total of five inner wall related blind'spot scenarios (indicated with a circle in Figure
rporated in the safety analysis.

£.22)

Inner barrier Blind spot vehicle motion
related blind spot,
pattern Cut-in | Cut-out | Acceleration | Deceleration
T\
— - — @)
pA
>
3 ' I O — O —
-]
3 O
4 b ‘
0) _ _ _
a

Figure C.22 — Inner barrier blind spot related perception limitation scenarios

Outer wall blind spot scenarios

A road structure, such as an outer wall can induce blind spots in curves. As it is represented in
Figure C.23, the outer wall’s angle along with the curve, places the front and rear vehicles in a blind

44
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spot. For this reason, vehicles located either in the front lane of the subject vehicle or the lane behind it
(1, 2, 3,5, 6, 8) are considered to be blind spot vehicles.

Blind spot locations
considering road curvature Simplified diagram

( [Blind spot vehicles| ) ( ~N
(e
el

Road
structure
element

y [

Creang N /L sabject = - 5

a blind spot & vehicle Subject (o \Blind spot
A, ubjec e spo

. Drivingidirection ) @vehicle vehicleJ

Figure C.23 — Location and outer wall related blind spot définitions

Figufe C.24 represents the blind spot vehicles’ movements that may ‘ebstruct the subject vehicle. To
undgrstand the movements, the blind spot vehicles’ movements are listed as cut-in, cut-out, acceleration,
and dleceleration. Each time a blind spot vehicle enters the same-lane as the subject vehiclg, the motion
is mdrked with a circle.

Outer wall Blind-spétvehicle action
related blind | cyt.in | Guout | Accel. | Decel.
spot pattern
[
1 e o o
2
o o
3 (6) P@)\ [e) o)
5(8)" o o o

Figure C.24— Outer wall blind spot related perception limitation scenarigs

C.3.4 Roadshape blind spot scenarios

Road shapetelated blind spot scenarios are defined according to road shape characteristicq and subject
vehig¢le-obscured-vehicle traffic patterns (Figure C.25). The blind spots that have been identified are

created hy a2 road n‘nnmnfry that causes a difference in height alono the same road.- THese Specific

O O o
road shapes are characterized as vertical curves and parallel slopes. The vehicle location definitions
previously defined (Figure C.13) may be adapted and applied to structure these blind spot scenarios
caused by road shape.
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Road shape

Vertical curve Parallel slope

Figure C.25 — Road shape blind spot related perception risk factor classification

Vertical curve scenarios

A vertical ctirve (Figure C.26) is a road shape that creates two main blind spotareas (lead and rear).
These blind|spots limit the subject vehicle's perception of the vehicles within.them (obscured vehigles).
The positions and motions of the obscured vehicles (1, 2, 3, 5, 6, and 8) and the motion of the suE)ject
vehicle itself create potentially hazardous traffic patterns.

Blind
spot Subject vehicle and obscured
area vehicle positions

%F orward movement
%)
Front  fgypject SO Ob}?.(:lllred

vehicle 3 \\‘\\‘\g venicles

N oS
Forward
movement @
Rear 7 Subject
2 vehicle

Figure/C.26 — Vertical curve blind spot related critical scenarios

Parallel slolpe scenarios

A parallel slope is a merging or diverging roadway adjacent to the main road, yet parallel to it on a
lower or a higher level. The difference in height between these two roads creates a blind spot that
limits the subject vehicle's perception of the vehicles within it (obscured vehicles). A combination of this
specific road shape, the behaviour of the subject vehicle, and the positions and motions of the obscured
vehicle, create potentially hazardous traffic patterns. These patterns are categorised into four groups:
obscured vehicle cut-in (1), cut-out (2), acceleration (3), and deceleration (4). This results in a matrix of
16 scenarios, 5 of which are incorporated into the safety analysis (see Figure C.27).
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Ego-vehicle and Obscured vehicle motions
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Figure C.27 — Parallel slope blind spotxelated critical scenarios

C.4 | Connectivity limitation scenarios

C.4.1 General

The ¢onnectivity limitation scenarios may be defined in consideration of the characteristic$ inherent to
connfectivity according to three categories: sensor, environment and transmitter (Figure CJ28).

Connectivity
|
v v v
Sensor Environment Transmitter

Figure/C.28 — Connectivity limitation related risk factor classification

C.4.2 Sensor classification

Senspf-pelated connectivity limitations may be classified into the influence of digital map| factors and
V2X Tactors, as shown in Figure C.Z9.

Digital maps are used to support/implement ADS-required abilities, such as assisting vehicle’s
positioning and navigation. In addition, maps can be fused with perception sensors to increase the
confidence of the perception system.

V2X (vehicle-to-everything) allows vehicles to communicate with other vehicles, road infrastructures,
pedestrians and servers. V2X takes advantage in informing conditions surrounding the subject vehicle
in advance, especially during severe weather conditions, and complex traffic environment.
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Figure C.29 — Sensor connectivity limitation related perception risk factor classification

Digital map related connectivity limitations mean map data being incorrectly collected due to an

algorithm d

:\Fir‘ipnr‘_‘ll, orout-of-date due to nnfimn]y data collection (p g tempaorary lane closures,

curvature c
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Figure C.3(

Static entiti
objects (e.g

hange). On the other hand, bad sensor fusion behaviour has an impact on both digital
example, when digital map, V2X and other sensors produce different information:

ironment classification

t-related connectivity limitations may be classified into static entities{’space and dyn
ure C.30), which can disturb communication signals and positioning signals, thg
blind spot or degrading the signal transmission for digital map and)V2X.

Environment
]
v v v
Static entities Space Dynamic entities

) — Environment connectivity limitation related perception risk factor classificg

bs involve factors related to the roadside objects (e.g. buildings, trees, tunnels), over]
overpass) and underground objects-(e.g. parking lot). Risk factors related to 5
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surrounding of vehicle can cause connectivity:related critical scenarios (e.g. signal interfer
rain/fog attenuation). Dynamic entities in{olve factors such as surrounding vehicles, motorcy
pedestrians
C.4.4 Trapsmitter classification
Transmitterfrelated connectivity~limitations may be classified into other vehicle, infrastrug
pedestrian, |server, remote (coitrol and satellite, as shown in Figure C.31. V2X message m3
unavailable|or of low confidefice due to transmitter errors, and GNSS signals may be lost or missed due
to satellite grror.
Transmitter
I
v v ¥ ¥ ¥ ¥

Ol h Sy 4 4 Do daal Q R 4 Corol
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vehicle control

Figure C.31 — Transmitter connectivity limitation related perception risk factor classification
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Annex D
(informative)

Vehicle control related critical scenarios

s and their
's principles
hicle control

re D.1)

and natural
transversal
dwinds that

D.1 General
The |objective of this annex is to define specific vehicle control related risk factor
corrgsponding structured vehicle control related critical scenarios in relation to the\physi
apprpach outlined in Annex A. The output of this annex is a set of structured functioral ve
relatpd critical scenarios.
D.2 | Vehicle control related critical scenarios
Vehi¢le control related critical scenarios are classified into body input.and tyre input (Figu
Vehicle control
|
v v
Tyre input Body input
Figure D.1 — Vehicle contrel related critical scenario classification
D.2.1 Body input related critical scenarios
Gendral body input force related-vehicle risk factors are categorized into road geometry
phenjomena (Figure D.2). Road.geometry refers to curve radius, longitudinal gradients and
gradjents. Natural phenomena refer to naturally occurring crosswind, tailwind and hea
exert forces on the body-ofthe vehicle.
Body input
]
I ]
Road Natural
geometry phenomena
il [
I I | | | |
e e T [ Curvature || Crosswind || Tailwind || Head wind
gradient slope

@o=

Figure D.2 — Body input related vehicle risk factors

Road geometry

©ISO

2022 - All rights reserved

49


https://standardsiso.com/api/?name=e37ac1ae3f41d2a239d4b491427b5dbf

ISO 34502:2022(E)

The direction of the vehicle inertial and gravitational forces change depending on road geometry (e.g.
curve) or shape (e.g. inclination). In the case of a curve, for example, a lateral inertial force is generated
as the vehicle negotiates the curve, which may increase the risk of departure from the lane. In the case
of a road superelevation or slopes, vehicle lateral and longitudinal forces are generated by gravity,
which may induce lateral and longitudinal speed fluctuations that affect vehicle control (Figure D.3).

Danger of lane departure Danger of speed fluctuation

a  Curve raflius r(curvature).
b Superelgvation.
¢ Longitudinal slope.

Figure D.3 — Classification of road geometry’body input risk factors

Natural ph¢nomena

Strong gustk of winds may generate lateral and lengitudinal forces that affect the body of a vehicle.
These forces may cause the vehicle to deviatefrom its lane or to collide with other vehicles dpe to
fluctuationg in its speed (Figure D.4).

NOTE Fqr some vehicles other natural pherfomena can become relevant.

Danger of lane departure Danger of speed fluctuation

. @

\(~
A

Figure D.4 — Natural phenomena (body input) vehicle-related risk factors

D.2.2 Tyre input related critical scenarios

Tyre input force related vehicle control related risk factors are divided into two subcategories related
to road surface conditions and to tyre conditions. The road surface subcategory refers to changes in
the road surface that affect the forces sustained by the tyres. For example, the coefficient of friction
between the road surface and the tyre can change as a result of heterogeneous surface or rain, causing
the tyre grip to decrease and possibly affecting vehicle control. The tyre subcategory refers to sudden
or gradual changes in the state of the vehicle's tyres due to a tyre puncture or tyre wear (Figure D.5).
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These tyre-related vehicle risk factors can cause instability and loss of control, resulting in critical
scenarios.

Tyre input
|

|
Road surface
condition

External force

|
Tyre
condition

—

Wear

Coefficient of

Puncture

Roag

Tyre
ares
chan
cond
surfa

Road
froze
from
drop

41 - Erar ades
UIl UIIT UII'T ITICLIUIT

Figure D.5 — Tyre input related vehicle risk factors

| surface condition

input vehicle control related critical scenarios may occur when forces\are exerted ont
ult of a change in road surface conditions. This change may be due“to either specific i

es that affect the friction coefficient between the tyre and the surface, or due to f
itions independent of the tyre itself, that induce a suddencsexternal force on the ty1
ce risk factors are therefore classified into a friction coefficient and an external force

Road surface
condition

T

1
External force
on the tyre

1

[
Coefficient
of friction

f

Wet road Roac! shrface Pothole Seam
display
. Protrusion Vertical
Split p Snowy road /step groove
Frozex Partial gravel Furrow
road

Figure D.6 — Road surface related vehicle risk factors

surface facters affecting the friction coefficient between the tyre and the road includé
n roads¢Snowy roads, partial gravel, etc. For example, when moving onto a wet are3

b the tyre as
oad surface
oad surface
e. The road

Figure D.6).

b: wet roads,
in the road

a dry-en€, a sudden drop in the friction coefficient may be induced (Figure D.7, left ifnages). This

may dffect the vehicle's stability.

Roa

£ lao+ad ’'s 1 £, Lbaiiad d 1 £laal rs H £ ry
Ul IdLUT TUTIALCU TALTT IIAI TUI LTS ulcl_y |ljemyyivavivieiv g Uy PULIIUICD, lJl ULLI USIUILLS, TUI TUVVS, TLL.

“or example,

when a vehicle goes over a step or a protrusion on the road, a sudden force is applied to the tyre in an
upward diagonal direction (upper right in Figure D.7) changing the direction of the vehicle. This change
in movement could cause it to deviate from its planned trajectories, potentially resulting in a collision.
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Coefficient of friction External force on the tyre

Key
WET roa|
front
friction d
uSmall
HBig
side
step

0 NN O Ul bW N

rut/furr

Tyre condit

A decrease

v

ircle

w
Figure D.7 —=Road surface related vehicle risk factors

ion

n tyre condition can be sudden, such a puncture or burst (Figure D.8), or gradual, such as

wear over time or a gradual loss of pressure. In either case, the tyre forces are altered which may rjesult

in a change

n the vehi¢le's direction and risk of collision.

Key
1 burst

Figure D.8 — Illustration of tyre condition related vehicle risk factor due to burst
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Annex E
(informative)

Derivation and structuring of scenarios using criticality analysis

E.1

General

The

riticality analysis method[1Z1118] js designed to reveal the causes of criticality oceurring in traffic

situations, generally, and for automated vehicles in particular. To this end the traffic)systtem itself is

stud
critid
meth
coml
aims

1) Ieliver explanations of the criticality phenomena by analysingthe possible underlying

od correspond to the risk factors of this document. Criticality of a traffic situation
ined risk of the involved actors to suffer any harm caused by the traffic. The critica
to:

ed by identifying phenomena (e.g. observable concrete influence factors) related to an increase in
ality, when the traffic situation is continued. The criticality phenomena of'the criticality analysis

denotes the
lity analysis

causalities;

resentative

scenarios;

explains the

he scenario

53

2) dlerive a structuring of the open context according to these ¢gausalities;

3) ¢onstructa catalogue of abstract scenarios based onthe classification, including rep
instances;

4) find an adequate level of abstraction for the criticality phenomena, explanations and

5) 4chieve a convergence towards a manageable set of criticality phenomena.

The procedure of the criticality analysis is depicted in Figure E.1.

Figufe E.1 consists of three brancheg-interacting with each other: (1) the method branch

process of deriving causal relations within traffic and how to gather evidence for their plapusibility, (2)

the ipformation branch covers ¢he management of associated knowledge and data, (3) {

branfh deals with the classification, abstraction and execution of scenarios.
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Method branch Scenario branch
Abstraction
or refinement R
of CP; or CR;
D Abstraction Next Scenario
Loop No Update phenomenon classification
Plausibilization H;? l
Start loop
Identification Proposal of Catalogization
of criticality @ hypothesis over Plausibilization CP, H, CR,
phenomenon causal relation . E;
f f E; sufficient
for Hy? ‘ Scenario
E ata ana _.E’ 3 Em instantiation
- Statistical analysis ST
- Machine learning [ ° a (]:1/
- other S E
*
Knopwledge Information [ Data o\ .
= Acqpisition _ s B N
2 acquisition 93
2 X
B - guideline Knowledge . . (b
= inspedtion © SEu O Scenario
-% - experfsurvey Ontology ) zi?;i(il:i‘(l)i Cb catalogization
£ - experience Criticality metrics - Scenario catalo ;
g collection Criticality hypotheses - Abstract 8 - study ComISan\
= : L - existing da@
= - expert analysis Criticality phenomena scenarios retrie
result: Causal relations - Representative ~ oth
- other Relational evidences scenarios A@
N7
Key
O artgfact
I:l connectivity point: arrow continues at number x
CP; i-th criticality phenomenon
CR; causal relation for CP;
H; hygothesis for CR;
H; hygothesis for CR;
SC; scepario class for CP;
S sceario instance for SC;

Criticality n
evaluated o
simulation ¢

scenario. It

Figure E.1 — Overview of the criticality analysis

hetrics_play an important role within this framework. A criticality metric is a fung
h a (discrete) set of measurements (in the case of real-world data) or values generated
ngine (in the virtual case) with the goal to quantify the criticality of a traffic situati

tion,
by a
bn or

data

TeCIT S

A=z a—

s ircad for chockina tho nlaucihilitvy af caucal rolatiane coloctian and filtoring of data
SHSea+oi—¢c+ tHe-PradSiBHtty-o+-ead S Featons;—S cHolahaHtte i haEo

T—Cctorect;

analysis, scenario classification, scenario instantiation, as well as for the refinement and abstraction

steps.

E.2 Method branch

The basic concept of this step can be summarized as: pick a criticality phenomenon, improve
understanding of phenomenon, and go to next phenomenon. To this end the workflow is as follows.

54

Pick a criticality phenomenon.
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The criticality analysis starts with extracting phenomena that are allegedly associated with increased
criticality from available information about the domain of interest, e.g. expert-knowledge or related
data.

— Improve understanding of phenomenon.

If a criticality phenomenon is deemed relevant, the goal is to derive an explanation for the underlying
causal relation by means of an iterative process, establishing a hypothesis, evaluating the causal effects,
and finally using a refinement and/or abstraction step to obtain a suitable hypothesis. If the evidence
for the causal relation is statistically sufficient for the ensuing V&V process, it is accepted as a plausible

explanation for the phenomenon.

For t|
num

Conv

a)
b)

Assu

alred
critiq
ident

with
they

NOTH

road

E.3

This
the fi
form|

1)

\

2)

The
the d
stati

E.4

1

1

o to next phenomenon - convergence.

he criticality analysis to be effective in practice, it is necessary to establish thef@gonver

ergence follows from two fundamental assumptions:
he number of relevant criticality phenomena is limited and manageable;
he relevant criticality phenomena leave traces in a growing infetimation basis.

[mption a) is justified by the observation that an infinite itumber of criticality pheno
dy today hinder human drivers to operate reasonably\safe in most situations. As
ality phenomena do exist in human consciousness_on some level, it is likely that
ified using an ever-growing information basis comprised of all different kinds of da3
various sensor technologies. Even if relevant phenemena for the ADS are different than|

Scenarios can be classified according telthanoeuvres, environmental conditions, preser]
isers, etc.

Information branch

branch contains the aspects‘of the method dealing with the management of informal
bundations of the information branch approach are laid by introducing ontologies, a k¢
alizing and reasoning-over the available information. The ontologies can cover, for exa

he automotive highway traffic domain, including concepts such as vehicles infrast
veather;

he criticality-analysis domain, including artefacts like criticality phenomena, causal rq

nformation branch also covers the issue of knowledge, information, and, data acquis
erived criticality phenomena, causal relations, and scenario classes to the real worl
STiCs.

ber of identified criticality phenomena to the number of existing criticality phémomeng.

gence of the

mena would
the relevant
they can be
ta recorded
for humans,

will leave traces as data for automated drivingaaccumulates, therefore justifying assumption b).

ce of specific

[fion. Firstly,

y enabler in
mple:

ructure and

lations, etc.

tion linking
d, e.g. using

Scenario branch

For various process steps of the method, it is required an adequate description of the interesting
incidents and interactions within traffic. The point of view of a scenario is slightly different from a
criticality phenomenon or a causal relation. The scenario is focused on describing the events in the
surroundings of an ADS, e.g. the scenery and the actions of the involved actors. The criticality analysis
uses scenario classification to complement the abstraction and refinement process described in step 2
of the method branch. Within this workflow, scenarios play various distinguished roles, they

— describe the happenings in traffic in a way that is comprehensible and can be interpreted for
humans,
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— enable the creation of a knowledge base, structured as a scenario database, and
— are also the glue connecting the workflow to simulation tools and real-world drives.
Scenario description

Four different qualification levels of scenario description can be used as shown in Figure E.2. In
addition to the functional, logical and concrete scenarios, the criticality analysis additionally uses
abstract scenarios, which are a formalized declarative description. This both human- and machine-
readable description enables the expression of the derived causal relations as well as reaching the

necessary degree of automation. Furthermore, the scenario description is the language used for the
instrumentalization of the simulation engines

— non-formal, human readable
— behavior-based description of a traffic scenario
— possibly containing a visualization

Functjonal
— formalized, machine readable, and declarative description
(i.e. constraints on the happenings)
— closely tied to an ontology (or rather family of ontolegies)
Abstract — efficient description of relations (e.g. cause-effect):

— parameterized representation of a set of scenarios, where influencing factors are
described by means of parametér‘ranges and distributions
— enables parameter variation

Logical

— a single scenario) describing exactly one specific
scenery and\chain of events with fixed parameters

— can, for exaniple, be written as OpenDRIVE+ OpenSCENARIO
Concrete

Figure E.2 — Qualification of scenario descriptions.

Scenario classification and structuring

The highly complex infinite scenario space requires the use of efficient structuring mechanisms. The
SOCA method (System co-design for open context analysis)[12], patented by the Robert Bosch GmbH,
laid out in a later section derives such a structure of equivalence classes based on the behaviour of the
ADS and makes it possible to derive many scenarios in a structured way.

The analysis of the interaction of these decision models with the identified causal relations and the
criticality phenomena enables the identification of a suitable abstraction level to aim for a manageable
set of relevant causal relations. The scenario classes can then be used to obtain (i) a definition of done
with respect to covering the scenario space and (ii) an input on where to look for new phenomena if the
analysis is not yet done.
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Scenario instantiation

The derivation of concrete instances of representatives of a scenario class is a necessary step to
enable the execution of scenarios, e.g. in simulation, on the track test, or in real-world tests. Such a
representative can be in form of a logical scenario as well as in the form of a single concrete scenario.

Scenario catalogue

The last step in the scenario branch consists of developing a catalogue with the emerging scenarios, as it
is important to save and document scenarios that appeared in the criticality analysis. This catalogue of
the created scenarios can be used to document the relations between the different levels of abstraction -
abst i i it ] iticality phenomena
or causal relations within the scenarios to allow for short iteration cycles when changes arjse.

E.5 | Structuring the scenario space with SOCA

SOCA hasbeen developed with two main application areas in mind (Figure E.3)»Firstly, SOCA is targeted
towards analysing the externally observable behaviour of the system. On-this level, SOCA does not
mak¢ any assumptions on how the ADS is actually implemented or how-it’perceives the world around
it. Sgcondly, SOCA can be used to specifically analyse the decision¢logic of a (rule-based) behaviour
planner or the necessary abstract scenarios for testing (whatever, kind of) a behaviour plarner.

Sinc¢ the real world offers a huge, if not infinite, variety of traffie situations that potentially need to be
mastered by the ADS, suitable abstractions for handling traffic situations need to be introdfyiced. To this
end, SOCA uses two concepts: zone graphs for a geometric.abstraction and a morphological behaviour
analysis to derive equivalence classes based on the dem@nded behaviour of the ADS. This m¢rphological
analysis based on the SCODE method allows for a conipleteness check of the derived equivalence classes
with|respect to the used decision space in the analysis. These two components result in a nhodel, which
can Jrovide a set of context-dependent system-level requirements. Furthermore, the model|can be used
to ddrive a suitable set of scenarios for testing,

IBehayipW’analysis:
|Behaviour analysis: OffRamp
oDD —>  |Behaviouf analysis: LaneMerge — System or
description ‘ Zone graph planper level
provides abstraction requirements
of traffic situation

Traffic rules and Tqst scenarios

Ipgislation s SCODE for the ] —

complete analysis

Figure E.3 — Structural overview of the SOCA approach

E.6 Using the zone-graph as abstraction mechanism

SOCA uses zone-graphs that abstract from concrete road geometries and concrete population with
objects and other traffic participants. For each kind of scenery, for example, a 4-lane highway section,
a single pedestrian crossing, or a multi-lane road, a zone graph is constructed for each ADS intention.
Considering the 4-lane highway section depicted in Figure E.4, zone graphs are created. The zone graph
is a topological abstraction of the actual layout (like road angle, curvature, lane width). There are three
different kinds of zones used:

1) driving zones, where the ADS is passing through, connected by the (red) intention edges,
2) position zones, where other traffic participants may threaten the ADS on its path, and,

3) information zones, indicating areas with relevant information, e.g. a traffic light.
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with an ontology is meaningful for automatic’population of zones.

turing the decision space

e illustration of the crossing, a Zwicky box is first created in order to apply SCOD
behaviour. A Zwicky box ormorphological box is a representation of a discrete space
sian product of the dimensions. Each dimension represents an information aspect g
itext that may be relevant for decisions and the behaviour of the corresponding syste
e set of pairwise disjeint alternatives. Equivalence classes are defined by combinati
alternatives foreach dimension.

ows an exemiplary Zwicky box for the merging manoeuvre shown. In the Zwicky box
Fas createdfor each of the areas of the intersection that the ADS needs to pass for perfor

rea Hirepresenting that the ADS may leave the intersection without coming to a permg
ide it. For the sake of brevity of this example, each of which only specifies two alterna

bs and position zones can be populated indiyidually with different traffic participants|

+— Exemplary zone-graph drawn on a schematic 4-lane highway for the vehicle on the

The

E for

riven
f the

e o

, one
ming
zone
nent
ives,

namely “p

dsable” and “not haccah]n Aﬂrhhr\hanv a dimension for the traffic llrrhf status was o

ded

with the dlfferent possible states a dimension denotlng the position of the AV 1n51de the intersection
referring to the aforementioned driving zones, a dimension for the velocity just distinguishing whether
the vehicles moves or stands still, and finally a dimension that indicates how strong the vehicle needs to
brake to stop at the next yield line.
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Table E.1 — Zwicky box for a highway lane merge

Highway lane merge
Type Dimension Alternative | Alternative 2 | Alternative | Alternative | Alternative
1 3 4 5
1 |Condition State of driving  |passable not passable
lane A
2 |Condition State of driving  |passable not passable
lane B
3 |Condition State of merging |passable not passable
lana C
4 |dondition State of merge passable not passable
target lane D
5 |dondition State of driving  |passable not passable (L.V
lane E (,\Q
(Jondition Position A B C D 2
(ondition ADS velocity =0 (0,100] >100 () =
Jondition Required braking |not neces- comfort emergéney |notpossible
for next yield line |sary
Using this Zwicky box, the equivalence classes for the merge behaviour can now start being defined.
The analysis is complete if the decision space is completely covered by the equivalence clasges and if the
equiyalence classes are consistent, e.g. they have no overlaps: A bit more formally, complet¢ness means
that every combination that exists in the decision space*has been added to at least one |equivalence
classl Consistency means that each combination fromthe decision space has been added tolat most one

equiyalence class. In our example, a total of 11 equivalence classes was created, plus 1 non-
that fontains all combinations that cannot exist.j@the real world.

For this, the following, for example, is defined:

‘Movje at target velocity”:

State of driving lane B =“passable” and state of driving lane C = “passable” and positi
AV velocity = “(0, 100]2) or

‘Adjyst speed to find gap ":

State of{merging lane C = “passable” and state of merge target lane D = “not pg
positioi="C” and AV velocity = “(0, 100]” and required braking for next yield line = “not

State of driving lane A = “passable” and state of driving lane B = “passable” and positid

bystem class

n = l(AH) Or
bn = “B” and
ssable” and

necessary”)

For each of the driving zone state dimensions, a separate additional analysis is carried out to derive the
conditions on when it is ‘passable’ or ‘not passable’. Table E.2 shows the Zwicky box for merging zone D.

Table E.2 — Decision space for Merging Zone D

Merging zone D

Type Dimension Alternative 1 Alternative 2 Alternative 3
1 |Condition Merging zone D occupied free
2 |Condition Upcomingtrafficlane]|no threat TP threatens D
3 |Condition Merging trafficlane M |no threat TP threatens D TP waiting in M
4 |Condition Traffic lane K no threat TP threatens D

© IS0 2022 - All rights reserved

59


https://standardsiso.com/api/?name=e37ac1ae3f41d2a239d4b491427b5dbf

ISO 34502:2022(E)

Table E.2 (continued)

Merging zone D

Type

Dimension Alternative 1 Alternative 2 Alternative 3

5

Condition

Traffic lane L No threat TP threatens D

Two equivalence classes 'passable’ and 'not passable' are defined here by the following rules:

‘passable’:

(Merging zone D = “free” and upcoming traffic lane | = “no threat” and merging traffic lane M = “no

threat" jeyey tl affu. lauc I( - “llU thl Cat” aud tl aff;\, }auc L - “llU thl th") Ul
‘not passablle”:
(Mergirlg zone D = “occupied”) or

(Upcom

E.8 Deriy

In summary
classes base
been in focy

This clause

In contrast

scenarios m
are generat

populations

parameteriz

expected co

ing traffic lane ] = “TP threatens D”) or

/ing scenarios based on the SOCA model

with the help of the zone graphs, a consistent decomposition into behavioural equiva

thows how scenarios are derived from the previous models.

to a situation, a scenario describes a“temporal sequence (of successive scenes).

ed with different concrete statés-and predicted trajectories of road users, diff
of position zones, or different extents of the roadway itself. Concrete scenarios are

Frect behaviour of the ADS+is assigned to a scenario.

Several different scenarios can-be~extracted from one situation. For this purpose, sequenc

situations a
the ADS, e.g

Such a sequyd

then allows
behaviour e

60

e extracted from the-zone graph and the SCODE models based on a concrete intenti

quivalence classes.

d on situations was developed through the modelling. Up to this point scenarios hav
s of the analysis. These describe processes in traffic and are used for simulations or 1

ean abstract scenarios, for example;in the above highway section in Figure E.4, sequg

ed manifestations of these, which can be run in the simulation in this way. Furthermofi

ence then deScribes an abstract scenario. Figure E.5 shows such a derivation. This appr
to generate individual sequences of conditions resulting in a specific sequence of]

ence
e not
ests.

Here,
nces
brent
then
e, an

bs of
pn of

merging on a lane'on the highway, and (at least partial) specifications of the environment.

oach
ADS
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[ Phase 1: AV in zone A Move at target velocity ]

6\ i State of driving lane A = passable
State of driving lane B = passable

State of merging lane C = passable

e e e e s P e A velocity (0, 100]
I_._.l‘.-_'.-_' —_— — — —— = Required braking for next@ls d line = not
e necessary
l A H Ol Merging traffic lane% P tl{reatens D
— OR traffic lane K #{TR'threateps D

%5 ]
S%\' Ymerging lane C = pasgable
(g elocity = (0, 100]

(Required braking for next yield line = not

</] necessary
~ Merging traffic lane M = TP threatens D

5N

IA

OR traffic lane K = TP threate

hs D

A

State of merging lane C = pas
Merging zone D = free
Required braking for next yie
necessary

Upcoming traffic lane ] =no t
Traffic lane K = no threat
Traffic lane L = no threat
Merging traffic lane M = (no ¢
waiting in M)

able

d line = not

hreat

hreat OR TP

[ Phal

Merging zone D = free
Driving zone E = free
Upcoming traffic lane ] = no t
Traffic lane K = no threat
Traffic lane L = no threat
Merging traffic lane M = (no
waiting in M)

hreat

hreat OR TP

Figure E.5 — Derived formal abstract scenario for a highway merge example
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Annex F
(informative)

Qualification of virtual test platforms

F.1 General

Simulation/yirtual test platforms (VTPs) such as software-in-the-loop (SIL), hardware-in-the-
loop (HIL), pehicle-in-the-loop (VIL), or model-in-the-loop (MIL) are typically used for test)scenario
evaluations that are not feasible on real-world test platforms (RWTPs), e.g. track testing and‘real-world
testing, due|to unacceptably high risks associated to the tests, and/or unreasonable;amounts of|data
requirements and costs associated to the tests. Also, a much more detailed analysis.ofispecial scenprios
is possible. The VTP includes the whole environment with all necessary tools and models (Figurq F.1).
The VTP hap got a specific configuration, which is dependent on the use casecA-VTP can be designed
as open loopp as well as closed loop and is a safety relevant element within the:éngineering framework
for scenariotbased testing of automated driving systems, in case of not putely using RWTPs. Different
parameter Variation, different scenarios as well as updates in componénts are extrapolations qf the
VTP and do pot match with the validation points of the VTP, but are eXtrapolations of the validated|area
of the VTP.
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> Stimuli
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Simulation
coxfiguration
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HW)
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simulation? Test result

summary (e.g.
pass/fail, KPI)

Figure F.1 — Generic VTP description

The validation of VTPs aims at showing that the evaluation result of a certain scenario is similar to that
of a RWTP. The VTP is considered as valid for the evaluated scenarios only when the results deviation
from RWTP is limited. This may be shown by verification of the validation process. One possibility
is measuring the deviation between results of a certain scenario evaluated on a VTP and a reference
from RWTPs. Thus, the error between a VTP compared to a reference can be statistically determined
(=validation result).

The VTP validation can contribute to fulfil testing of the safety of the system (e.g. SOTIF safety
requirements). The tools and models used for validation process are expected to be qualified based
on state-of-the-art standards (e.g. functional safety according to the ISO 26262 series, vehicle model
validation according to ISO 19364, simulation model taxonomy according to ISO 11010-1). Furthermore,
VTPs are meant to produce repeatable and traceable results. The repeatability is allowed to vary
within a predefined area, if non-deterministic models are integrated within VTP. The suitability
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of the VTP models also needs consideration. Finally, the models can be expected to be accompanied
by documentation with regard to their capabilities, ODD, boundary conditions, assumptions and
assignments.

After that the validity of the applied VTP (modelling and simulation tool) has been verified by means of
comparisons with RWTP for certain concrete scenarios. The VTP can be utilized, for example, for the
ranges of the corresponding logical scenarios, or for further vehicle variants fitted with the same ADS.

F.2 Extrapolation and validation of different components/subsystems

Intenc = = A eference exists (e.g.
extrd polatlon ofthe test space, 1nterpolat10n innon- smoothness) Toolchaln valldatlon aims gtincreasing
the tirust on the results from the VTPs; it is considered as a necessary but not sufficient boundary
condjiition for the use of VTPs. While the extrapolation accuracy of validation results can hardly be
quarftified for complex systems like AD, in addition to system validation, checkson.components should
be pgrformed (e.g. test with complete ADS and separate sensor model) to incredse the trustworthiness.
Figufe F.2 shows an extrapolation example including the relationship betwéési RWTP meagurements, a
parameter range defined within the ranges defined by these measureménts and a number of scenario
varidtion for VTPs within the parameter range. The validation databaséis pictured in the packground
which covers typically a wider parameter range.

B

Key
A scenario parameter A
B scenario parameter B

& measurement RWTP

{ ) parameter range 1

|:| parameter range 2

Figure F.2 — Scenario variation example.
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F.3 Criteria and natural metrics

Deviations of the VTP are quantified in terms of the intended test criteria, named key performance
indicators (KPI). KPI with pass/fail criterion need to be well documented, together with clear
statements that are considered for the evaluation of test results. KPI may be either macroscopic (e.g.
accident avoidance capability for defined scenarios / manoeuvres, accidents per simulated kilometre
calculated over several scenarios) or microscopic (e.g. minimum time to collision (TTC) calculated on
one scenario). Final and intermediate signals may be evaluated with KPIs to increase trustworthiness.
Since a KPI is usually a function of several VTP or RWTP output signals (e.g. relative object positions and
velocities), additional use of metrics on the respective signals is recommended. One example of a metric
for TTC is the root mean square error (RMSE) of the distance between the ego- and a surrounding
vehicle.

F.4 Statistical evaluation

Toolchain validation aims for quantifying the expected deviation of a VTP with respgct to a critgrion
by statistical means. The comparison of one scenario evaluated on the VTP and Jeference data are
considered as one sample (Figure F.3). Several samples yield the test suite for a statistical evaluption
(Figure F.4)] This statistical evaluation is the baseline of the validation result:

RWTP [ KPL )
RWTP Y A M
Test case
scenario 1 - Sample 1
KPI
TP | A
v VTP

Figure F.3 — Sample calculated by comparing the result of a test scenario evaluated on a RWTP
and aVTP

Sample1 | ___ Statistical . Validation
evaluation result

Figure F.4 — Test suite

F.5 Testkuiteé

The test sulte<can be defined by a set of scenarios Scenarios may be categorized by labels which
determine the validity range of one specific validation result, which can be parameter ranges for logical
scenario parameters. The labels are expected to be searchable in a larger data set in order to find the
corresponding reference data (Figure F.5). One label may be associated to one parameter range. Test
suite changes within the development process influences and therefore invalidates the validation
result. Therefore ODD, boundary conditions, assumptions and assignment of the test suite should be
well documented.
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