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Foreword

[SO (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.
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Introduction

Many methodologies are used to analyse the effectiveness of various vehicle safety systems. Most methods
are retrospective, have different applicability, advantages and limitations, and are often chosen depending
on the structure and content of the data available. More recently, prospective methods have been presented
and used.

The aim of this document is to compile commonly used methods for assessing the effectiveness of vehicle
safety systems. The document covers assessment methods for active, passive and integrated safety systems
including crash avoidance systems. The effectiveness in this context refers to the capability of a safety

system

The do

Six mef

summalized in terms of its applicability, advantages and limitations. The methodology,isdescribed t

with n{
sensitiy

An ovel
Annex /
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time of
later re

hodologies, both prospective and retrospective, are described in the documentsEach mg

pcessary input data and the resulting output data. Conclusions are given Jin terms of a
ity and validation for each method.

view of the applicability of prospective and retrospective assessment\nethods is also includ

).

development. If needed and requested, this document can béexpanded with additional meth
vision.

or feature to avoid or mitigate injuries, fatalities or crashes.
cument provides a general overview of commonly used terms for the assessment metho

including exposure, risk, odds, effectiveness, benefit and safety performance.
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Effectiy
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limitatipns, accuracy and sensitivity are described for each method. Necessary input and output d

format

Ly system effectiveness

Dpe

cument compiles common methods for assessing the effectiveness of vehicle saféty systen
hctive, passive and integrated safety systems including crash avoidance systems)

s or crashes.

cument covers both prospective and retrospective methodologies. Applicability, adv3

hre also presented.

2 NImative references

The following documents are referred to in the text in suclia way that some or all of their content con

require
the late

[SO 123

3 Te
For the
[SO and
— IS0
— 1EC
31

mitigat
reduce

ments of this document. For dated references, only the edition cited applies. For undated refé
st edition of the referenced document (including any amendments) applies.

53-1, Road vehicles — Traffic accident analysis — Part 1: Vocabulary

'ms and definitions

IEC maintain terminolégy databases for use in standardization at the following addresses:

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

Electropediaavailable at https://www.electropedia.org/

e
the consequences of a hazardous event

hs. This

eness in this context refers to the capability of a safety system or feature{o.avoid or mitigate injuries,

ntages,
ata and

stitutes
brences,

purposes of this document,the terms and definitions given in in ISO 12353-1 and the followinlg apply.

Note 1t

b entry: In the context of this document, the consequences are injuries, fatalities or crash severity

3.2

injury risk

IR

probability of occurrence of a personal injury at a specific level

Note 1 to entry: Injury level is often expressed with the abbreviated injury scale (AIS).

© IS0 2024 - All rights reserved
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3.3

relative risk

risk ratio

ratio of risk of an event in one group versus the risk of the event in the other group

EXAMPLE

3.4
odds

probability that the event occurs divided by the probability that the event does not occur

3.5

ISO/TR 12353-4:2024(en)

An exposed group versus a non-exposed group.

odds rdtio

probab

3.6
eccent]
distanc

4 Syl
A

AEB

ADAS

PDO

ricity

lity of an event occurring in one group versus the probability of the event occurring in the othé

e between the impact force vector of the centres of gravity of the two vehicles i1van eccentric

mbols and abbreviated terms

number of accident situations sensitive to the system
autonomous emergency brake
advanced driver assistance system
benefit

crash-momentum index
effectiveness

field of effect

injury risk

number of (all) accident situations
number of crashes-(of a certain type)
crash rate

property-damage only

peneétration factor

relative risk (risk ratio)

safety performance

AV

change of velocity (delta-v)

exposure

© IS0 2024 - All rights reserved
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5 Overview of assessment methodologies

5.1 Prospective and retrospective methods

Assessments are calculations of performance that tell the value of a subject in comparison to an aim or
objective. This document describes commonly used assessment methodologies for traffic safety measures
in vehicles in the complete driver-vehicle-traffic system (i.e. when the measure is deployed in the real-world
traffic with the wide-ranging distribution of environments and traffic participants).

The two main types of assessments are studies performed before (prospectively) or after (retrospectively)
the introduction of a safety measure, see Figure 1. The headings of the clauses in this document indicate
whethefr tThe assessment method described IS proSpective Or FetroSpective.

Methodologies to categorize traffic safety performance assessments use tools (e.g. virtual“simjulation,
accident database analysis) and input data (e.g. crash data, naturalistic driving data). Tools and input
data arp discussed for each method in this document. Some applications of prospective aiid retrogpective
methods are given in Annex A.

time
Devalspmait o matt The safety measure is The safety measure is
launched in real world deployed to large extent
safety measures . . .
traffic in\redl world traffic

(] Prospectiveassessment |
methods
: Retrospective :
assessment methods

Figure 1 — Illustration of prospective’and retrospective assessment methods

5.2 Eixposure

The traliiitional definition of exposure is of being in a place or situation where there is no protectipn from
somethfing harmful or unpleasantiAccording to ISO 26262-1, exposure is defined under functional safety
as the gtate of being in an operational situation that can be hazardous, which can occur at any pqint in a
vehicle’s lifetime (a combination of an operational situation and a potential source of harm). A|similar
interpretation is given in ISO-21448, which refers to the ISO 26262 series. In these documents, exppsure is
a factor| for potential risk-calculation that describes the (expected) frequency of occurrences of situations of
interest. For prospectiveaccident research, a similar approach is taken in case the frequency of scenjarios is
relevanft for the calculation of the risk of accident.

For retrospectivetraffic accident research, the perspective is different, since the focus is on the calg¢ulation
of accident rates for different groups. These groups can be defined by other parameters, such as technplogies,
vehicle|types, road types and driver types. A simple comparison of the number of accidents|can be
misleadingin-theanalysed-dataset—Thereforerarateiscaletlatedto-correct the comparisenferthedifferent
representation of the groups. In Reference [3] the problem is illustrated by asking which sex is more likely to
be involved in accidents. Although there are copious data available on the number of accidents in which male
and female drivers are involved, this question remains difficult to solve, since it requires comparison of the
number of accidents per unit of exposure for each group. Typical units for exposure are travelled distance or
time, traffic density and/or crash severity.

Thus, in retrospective accident analysis, exposure is defined according to ISO 12353-1 as a parameter
describing the dose or amount of some physically measurable parameter(s) that are related to an accident or
injury or both.

© IS0 2024 - All rights reserved
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5.3 Risk

According to ISO 26262-1, risk is the combination of the probability of occurrence of harm and the severity
of that harm.

In this document, risk is the probability of occurrence of an accident with a specific severity (due to the
application of a safety system).

As for the risk of personal injury, injury risk (IR) is the probability of occurrence of a personal injury at a
specific level.

The severity of an accident is estimated by the type of injuries and the extent of affected people, for example:

— prdperty damage only (PDO);
— minor, major or lethal injuries;
— ong or several persons, objects.

The prgbability of occurrence of harm depends on the exposure to the hazard, the occurrence of felevant
situatigns and the possibility to avoid or limit harm by external factors:

— how often or how much time is spent with the hazardous object;
— rel¢vant statistical, historical or reference information;

— skillset and awareness of user, experience, lead-time to harm.

5.4 (dds

Odds ig defined as the probability that the event will oc€ur divided by the probability that the event will
not occpr.

The odds ratio is the ratio of the odds of an event in\grie group versus the odds of the event in the othe} group.

NOTE See also Reference [4].

5.5 Fjeld of effect

The field of effect, F, defines a specific subset within a superset of considered accident situatiops. The
supersgt of traffic situations contains all occurrences recorded in a particular region. The accident sitjuations
in the fleld of effect are specified by common characteristics. These can be, for instance, accident|causes,
accident scenarios, involved-participants and other concomitant circumstances.

In practice, the field of effect is the proportion of all accident situations in which a specific safety system can
have a positive effeCt~The safety system is designed to become active in these situations in order §o avoid
or mitigate the aecident. Thus, the field of effect describes all accident situations that are addressed by the
safety qystem,

The field of‘effect is calculated using Formula (1):

F=2 %100 1)
N

where

F  is the field of effect, expressed in per cent;
A  isthe number of accident situations sensitive to the system;

N isthe number of all accident situations.

© IS0 2024 - All rights reserved
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EXAMPLE The field of effect of an autonomous emergency brake (AEB) system comprises all run-up accidents
between cars. About 6 % of all injury accidents in Germany are car-to-car run-up accidents that can be addressed by AEB.

5.6 Effectiveness rate

The effectiveness rate defines the proportion of accident situations in the field of effect that are positively
affected by the regarded safety system. It describes how well the safety system performs within its field of effect.

The effectiveness rate of the safety system depends on how well the system addresses all possible accident
situations within the defined field of effect. It also relies on a reliable and functioning system performance.
Ideally, all system-specific accident situations are avoided or at least mitigated by the safety system.

The effg¢ctiveness rate is calculated by Formula (2):

ERate _ AReduction %100 (2)
A
where
ERie is the effectiveness rate, expressed in per cent;
Apdduction s the number of avoided or mitigated accidents that are sénsitive to the system;
A is the total number of accidents sensitive to the systent.
EXAMPLE The effectiveness rate of an AEB system specifies the part of all car-to-car run-up accidents|that are

avoided|or mitigated by AEB. The AEB effectiveness rate amounts to approximately 90 %.

5.7 Potential effectiveness

The pofential effectiveness defines the maximal proportion of all accident situations that are pgsitively
affected by the safety system. It describes the overall benefit of a safety system if all vehicles in the field
were equipped with such a system.

The pofential effectiveness is calculated by Eermula (3):

EPot — AReduction %100 (3)
N
where
Epd: is the potential effectiveness, expressed in per cent;
Ardduction 1S theynumber of avoided or mitigated accidents that are sensitive to the system;
N is the total number of all accidents.

If the fipld, of\éffect and the effectiveness rate are known, the potential effectiveness can be calculated as in
Formulh (4):

Epoy = Rate 4)
100
where
Epot is the potential effectiveness, expressed in per cent;
F is the field of effect, expressed in per cent;
ERate is the effectiveness rate, expressed in per cent.

© IS0 2024 - All rights reserved
5


https://standardsiso.com/api/?name=323f51b979875f79e9d3ee35a46a7508

EXAMPLE 1

ISO/TR 12353-4:2024(en)

The potential effectiveness of an AEB system specifies the part of all accidents that are avoided or

mitigated by AEB. If the field of effect is 6 % and the effectiveness rate is 90 %, the potential effectiveness is 5,4 %.

Figure 2 shows an illustration of the exposure and effectiveness definitions.

All traffic situations

All accidents (including PDO)

N

PI

All accidents with personal injury

i ODD of system S

Accidents sensitive to system S

Avoided/mitigated accidents by system S

=

Key
A

AReductio

The ov
assumi
system

The effs

=

where

E

accidents sensitive to system S
avoided/mitigated accidents by system S

all accidents, including property damage only
all accidents with personal injury
operational design domain

Figure 2 — Qualitative viSualization of the defined effectiveness terms

erall effectiveness describeS\the proportion of accident situations that are positively afffected,

g a specific number of véhicles are equipped with the related safety system. It defines the c

effectiveness depending on a given market penetration.

pctiveness is calculated by Formula (5):

EPot -Q
100

is the effectiveness, expressed in per cent;

pncrete

5)

Ep,: s the potential effectiveness, expressed in per cent;

Q
NOTE

is the penetration factor, expressed in per cent.

See also ISO 12353-1:2020, 6.4.

© IS0 2024 - All rights reserved
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The penetration factor defines how the percentage of equipped vehicles directly affects the effectiveness of
the system. In other words, the penetration factor describes the system's dependency on other vehicles or
infrastructure, that can be equipped with appropriate systems.

EXAMPLE 2  The penetration factor of an AEB system solely depends on the number of vehicles equipped. If the
potential effectiveness of AEB is 5,4 %, 50 % of all vehicles have AEB fitted and we assume at least one vehicle per
accident, then the overall effectiveness is at least 2,7 %. This implies that a minimum of 2,7 % of all traffic accidents
would be prevented by AEB.

EXAMPLE 3  Vehicle to vehicle (V2V) applications rely on both participating vehicles to be fitted with the V2V
system. Therefore, the penetration factor is always only half of the current fitting rate.

5.8 enefit

The benefit of the safety system describes the absolute number of accident situations that-are pdsitively
affected. It defines how many accident situations are avoided or mitigated.

The benefit is calculated by Formula (6):

E-N

Too (6)

B | is the benefit, expressed in number of accidents;

E | is the effectiveness, expressed in per cent;

N | is the total number of all accidents.

EXAMPILE The benefit of an AEB system specifies the nummiber of all accidents avoided or mitigated by AEB. With
approximately 2,3 million traffic accidents in Germany in 2021 and given an AEB effectiveness of 2,7 % |(see 5.7,
EXAMPILE 2) the benefit of AEB would be 62 000 avoided’accidents per year.

5.9 Spfety performance

Safety performance, expressed in km ¢t miles (mi), is the inverse of the accidents per distance njeasure,

accordipg to Formula (7):

so 1 -4 7)
ARate A
where
S is the‘satety performance, expressed in km or mi;
Apdte is\the accident rate, expressed in number of accidents per distance travelled (km or mf{);
d is the distance travelled, expressed in km or mi;
A is the total number of accidents sensitive to the system.

The safety performance represents the distance travelled between two accidents, or more generally the
distance travelled between two events of the same category. The bigger the value of the safety performance
and therefore the distance between two events, the safer the vehicle which is observed.

EXAMPLE In 2019, 755 billion km were driven in Germany. The police recorded 2 685 661 accidents. This means
one accident happened every 280 000 km. This gives a highway safety performance of 1 420 376 kml&l.

© IS0 2024 - All rights reserved
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6 Crash rate estimation using crash case and exposure data (retrospective
assessment)

6.1 Introduction

The analysis of crash rates is a basic and straightforward method for evaluating traffic safety
countermeasures. The crash rate can represent a meaningful and comparative measure since it reflects
crash numbers in relation to a measure of exposure. However, some confounding factors can influence the
crash rate of a particular car model, e.g. driver behaviour. If adjustments are made to control for confounding
factors, crash rate can be used as a reference when evaluating effects from both injury- and crash-preventing
arrangements in the traffic environment

The pripciple of using crash rates in the traffic safety research community is frequently used or ¢onjsidered
for mapy applications. For example, for ranking the performance of countriesl?], comparing safety
levels df road surface conditions[1, or, as in this document, evaluating vehicle safety performarnce (see
Referer]ces [12] to [16]).

6.2 Applicability, advantages and limitations

For retfospective assessments of traffic safety countermeasures using crash rate analysis, a precondlition is
that th¢ technology under study has a sufficient penetration rate (for a certain vehicle subgroup or ¢lass) in
the market and that sufficient crash cases with and without the technologyare recorded.

Depending on the research question, traffic safety indicators can be evaluated using the case and exposure
data m¢thod. However, different definitions of rates are being us€d)related to the datasets availablg for the
analysif. Exposure data measured in, for example, per capita, per registered vehicles, per km travglled or
per inspired vehicle years are frequently used to assess change in crash and/or injury risk. Many|studies
have al$o evaluated the probability of sustaining injuries in the vicinity of a crash.

6.3 Methodology

6.3.1 |Description
Typically, the crash rate, P, is defined as ir\Eérmula (8):

n

P | is the crash rate;
n | is the number of crashes (of a certain type);

X | is thesexposure.

Crash ipyolvement rates can be compared for relevant and corresponding groups of vehicles, wlith and
WithOU PN oY S S PN aTot Vo S T APAPat RR 2T FaX 212 = WavaWol RR2FAY

Co o oot ty CoumtCrCasurcs

Furthermore, it is possible to fit regression models to the data to estimate changes in crash involvement and
control for contributing factors.

6.3.2 Inputdata

Case data on crashes and exposure data, with and without the traffic safety countermeasure in comparable
situations (e.g. the same car make and models, the same time period, in similar overall traffic environments
and in the countermeasure’s specific target conflict situation or crash configuration) is a prerequisite for the
analysis in a quantity that acknowledges the desired statistical significance and power.

© IS0 2024 - All rights reserved
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The number of pre-crash factors that can be included in the analysis is limited to what is known for both
case data (crashes) and exposure data.

6.3.3 Output data

In their basic form, output data provide comparisons of crash rates between situations with and without the
traffic safety countermeasure.

6.4 Accuracy, sensitivity and validation

One main issue in retrospective effectiveness estimations is the availability of crash datasets large enough
to provfde statistically reliable results. Collecting data from crashes is a time-consuming activity. Further,
traffic §afety countermeasures are often not immediately deployed on a large scale, but ratherfare(limited
to geogfaphical areas when considering infrastructural devices and as optional mounted equipment in new
vehicles. In the latter case, it is often hard to know from current datasets whether the safety:technolpgy was
turned pon or off.

Another challenge is the fact that case and exposure data rarely coexist in the samé database. In Rdference
[11] pogsible combinations of Swedish national databases for estimating crash rates for different situations
and crash severities are shown. There were many factors the researchers could Hot include in the anplysis.

7 Dase-response model (retrospective assessment)

7.1 Introduction

A generjal overview of parameters related to impact severity and injury outcome is shown in Figure 3, which
illustrafes a vehicle impact as the relation between impact‘severity and injury consequences in a ¢hain of
events that can be denoted as dose-response models.

© IS0 2024 - All rights reserved
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Injury mechanism

Impact severity e and outcome

Collision pre-conditions Road user/occupant pre-conditions

Subject vehicle Collision partner Constitution, mass, posture, age, sex,

Closing velocity

restraintuse, injury tolerance
Crash configuration

Pre-crash phase |—|

Crash phase {}

Vehicle response
Pulse characteristics

-
&

Road user/occupant response

Accelerations and trajectories of body parts

|:I,:> Contact velocity
|

Contact violence / load

g

Injury |

J

Injury consequences |

Deformation

Restraint systems performance

Crash phase

Post-crash phase

Figure 3 — Parameters related to impact severity and injury outcome, application in
the dose-response model

Three gspects of an accident Sample are important for the analysis of safety systems:

— the|exposure in térms of frequency of collisions;

— frefjuency ofinjured occupants;

— injyry risk'versus impact severity, in the event of a collision.

This is |lldstrated by the three curves in Figure 4.

These three curves are assessed and used in analyses in several studies, e.g. in References [17] to [21]. This
way of describing the three aspects of accidents can be denoted as a dose-response model. The link deciding
the response of the dose is the injury risk function.

There are three options for reducing the number of injured occupants in car collisions:
a) by reducing the severity of the impacts, or
b) by reducing the number of collisions, or

¢) by reducing the injury risk at a given impact severity.

© IS0 2024 - All rights reserved
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The three options are illustrated in Figure 4 by the arrows at numbers 1, 2 and 3 (see Reference [21]).

The first option can be achieved by, for example, reducing speed limits, by reducing impact speed or by
redesigning the infrastructure. The second can be achieved by active safety measures aimed at preventing
collisions from occurring. The third can be achieved by the passive safety of the vehicle and the road
infrastructure safety features to prevent injuries from occurring.

The dose-response model can be used to evaluate the effectiveness of various safety technologies. Safety
technologies aimed at mitigating crash severity and at increasing the protection by preparing for a crash
situation can address all three options.

Y1 \ A Y2

B ———

Key
impact severity

nuthber of crashes and number of injured occupants
injyry risk

redjucing the severity of the impacts

redjucing the number of collisions

redjucing the injury risk at a given impact severity
nuthber of crashes (exposure)

nuthber of injured occupants

O W > W N R X
N

injyry risk

Figure 4 — Dose-response model including the three methods of reducing the number of injured
occupants

-
N
=

plicability, advantages and limitations

almed at mitigating crash severity, preparing for crash protection or even avoiding colllslons At least one of
the functions needs to be known depending on what will be analysed.

If the injury or fatality risk functions as well as the crash distribution are known, it is possible to estimate
the effect on injury outcome depending on the crash severity possible to be reduced.
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7.3 Methodology

7.3.1 Description

The three approaches to reducing the number of injured occupants described in Figure 4 can be studied
separately. If the injury risk remains the same, a reduced number of injuries can be calculated based on a
reduction of delta-v for all or part of the crashes. A reduction of injured occupants can also be calculated
based on a reduced number of collisions. Similarly, a reduction of injured occupants can be calculated for
a car with lower injury risk. In this case, the injury risk for a new and old car needs to be known, which is
uncommon. Expected reductions of injured car occupants have been calculated in studies, see for example
References [22] and [23].

Similar| calculations can also be made by reducing the mean acceleration instead of changeef¥elocity.
Reducing mean acceleration is relevant to use, especially in the design of road infrastrucfture, puch as
deformpble posts, guardrails or mid barriers, see [SO 12353-2.

The doge-response model can also be used to calculate injury risk curves if the distribiation of crashes and
injured|occupants for a selected crash severity parameter is known.

7.3.2 |Input data

Crash distribution for crash severity can be, for example, change of velgeity or mean acceleratipn. The
distribytion can, for example, be derived from crash recorder/EDR data(see ISO/TR 12353-3). If is also
necessdry to have injury or fatality risk functions for the selected crashiseverity parameter.

7.3.3 |Output data

The direct output is the distribution of injury or fatality. Baséd on the distributions, reduction of ipjury or
fatality|can be calculated.

7.4 Accuracy, sensitivity and validation

Crash distributions can be estimated based on'previous research. It is more difficult and important to find
a suitable risk function. Accuracy depends_ ob-the accuracy in the risk function and in the distribution. The
accurady of the risk function in the low severity segment is especially important since it has a large influence
on the pumber of injured due to the distribution of crashes.

8 Induced exposure (retrospective assessment)

8.1 Imntroduction

Real exposure in tepms of vehicle mileage or number or registered vehicles is often not availalle. The
accident sample can-also be associated with several confounding variables, influencing bias, for example,
those who chooseto purchase vehicles with a certain safety technology are probably more concerned about
their sdfety in-the first place (i.e. selective recruitment). There are some indirect statistical methqds that

can be fised'to overcome this. One is called induced exposure. Instead of comparing crash or injury oytcomes
with reLw&WMMWMMWM&m&La safety

technology. See References [25] to [27].

8.2 Applicability, advantages and limitations

A key point is to identify at least one crash type in which the countermeasure under analysis can be
reasonably assumed (or known) not to be effective.

In the case given in 8.3.1, cars with and without low-speed AEB were compared. If the only noteworthy
difference in terms of involvement in rear-end crashes is AEB, the relation between cars with and without
AEB in that non-sensitive situation is considered as the true exposure relation. If the influence of other
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parameters can be regarded as small, any deviation from the relation in non-sensitive situations can be
assumed to be a result of AEB.

8.3 Methodology

8.3.1 Description

Striking rear-end crashes are intended to be sensitive to low-speed AEB, while struck rear-end crashes are
non-sensitive to AEB (see Figure 5).

AEB No AEB

74V .

| iy —owo ol oty
/18] \

| omwo —oilil) g~ o)

A str:[(ing in rear-end crashes
B str

Key
ck in rear-end crashes

Figure 5 — The induced exposure approach: analyzing the relation between striking and stfruck
rear-end crashes, with and without AEB

Risk ratios can be derived according to Formula (9).

R—|AAEB /A no AEB 9)
B aeg  Bnoars
where
A kB is the number{ofistriking rear-end crashes involving AEB cars;
A L agg  is the number of striking rear-end crashes involving non-AEB cars;
B kg is the,hbumber of struck rear-end crashes involving AEB cars;
B b agp Is'the number of struck rear-end crashes involving non-AEB cars;
R is the risk ratio.

The effectiveness in terms of crash reduction can be expressed as in Formula (10):
E=100%x(1-R) (10)
where

E  isthe effectiveness, expressed in per cent;

R istherisk ratio.
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Input data

The input data is the number of crashes regarded to be sensitive and non-sensitive with and without the

feature

8.3.3

or specification to be studied.

Output data

The output is the risk ratio that gives the effectiveness in terms of crash or injury reduction.

8.4 Accuracy, sensitivity and validation

The me
to the 14

The ind
assump

m WO o7 —

ulated effectiveness is more reliable. Even though a variable is know

e overall sensitive/non-sensitive ratio.

thod is also easier to use as no exposure data is necessary. Often this is the onlypossible met
ick of exposure in most databases.

uced exposure approach is based on a number of assumptions and liritations. The most
tion with the induced exposure approach is to determine the non-sénsitive crash type. W

ns that
rash or
bviating

hod due

critical
hile the

main mlethod for selecting non-sensitive crashes is a-priori analysis of in-depth studies, as done in

researad
sensitiy
hypoth

9 Pa

ity of certain crash types. However, it is important that suchcassumptions are based on a
psis, rather than “trial and error” in the analysis steps.

jred comparisons (retrospective assessment)

9.1 Imntroduction

Two-ca
has bee
compaf

I crashes are used to create relative risks.“The method was initially developed by Evans
n developed further for car-to-car collisions by, for example, Hiagg et. al. .[22] The concept o
isons has also been thoroughly evaluated in research projects (SARAC 2001, SARAC 11 2006)

9.2 Applicability, advantages and-limitations

By stud
method
risk for
injury d

The as{
This as
assump
crashs

In car-t

can control for variatian in impact severity, apart from the influence of car mass. The relativ|
a specific group of véhicles is calculated by comparing the injury outcome for that group v
utcome for the velicles they collide with.

umption for.the method is that the risk of injury is a continuous function of change of Y
sumption can conflict with safety features, such as airbags that generate a step-function. 4
tion is that' injuries in one car are independent from the injuries in the other car, given a
bverity:

pecar crashes, mass differences can influence the relative injury risk, because they alter the

evious
h, the distribution of crash types within the analysed data can also provide insights into lt}e non-

actual

(28] but
[ paired
[30],[31],

ying two-car crashes in which both cars are involved in the same impact, the paired comparison

e injury
yith the

relocity.
Another
certain

impact

severity
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on the relative injury risk can be controlled for.

9.3 Methodology

9.3.1

Description

fmass

Based on the injury outcome in two-car crashes, the number of collisions with different combinations of

injured

drivers in the involved cars can be used to calculate the relative injury risk, see Table 1.
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Table 1 — Number of collisions with different combinations of injured drivers

Driver of car 2
— — Total
injured not injured
Driver injured Xq X2 X1t X
ofcar 1 not injured X3 Xy
Total X+ X3

Key
x; number of crashes with injured drivers in both cars

x> number of crashes with injured drivers in the case car only

When cplculating relative risk, x, is not used as it does not add any important extra information. The g
s can be a sample of the whole car population and therefore provide the expestre basis to allow

partner
compar

The relative risk of an injury for car 1 in relation to car 2 can therefore be calculated as the number of
ured drivers in car 1 in relation to the number of crashes with injured'drivers in car 2 (Formpla 11):

(X1 +x7) / (%1 +x3) (11

with in

R=

where R is the relative risk.

Some f3
severity

In all impact configurations, the mass of a particular car’model has an influence on its relative injury
ar crashes. The change of velocity for a car mddel is lower than the change of velocity for its dollision

car-to-(
partne
disadvd
due to

car can
vehicle
adjuste

Ifone g
effectiv
of cars.

NOTE
relative

9.3.2

x3 number of crashes with injured drivers in the other vehicle only

x4 indicates that no one is injured in the crash (often little or no data are available here).

isons across all case vehicles.

ctors, apart from the design, can influence the relativeinjury risk for a car model, namely the
, the mass relation and the structural related aggressivity.

if its mass is higher than its collision parther. This results in an advantage for the case c4

also influence the results. Here, aggressivity is defined as the influence on injury risk for th

d for, while the aggressivity factor is difficult to calculate and adjust for using paired compar

eness of the safety technelogy can be described by relation of relative injury risks for the two

Adjustment for, the influence of mass on the injury risk in the other vehicles are made for compaj
injury risk befween several vehicles.

Input.data

9.3.3

Output data

ollision

crashes

impact

 risk in

r and a

ntage for the collision partner. The disadvantage for the other car can be regarded as aggrgssivity
he increased mass of the case car. Thevaggressivity due to the structure and geometry of the case

e other

due to the structure and geometry of the case vehicle. The mass factor can easily be calculated and

sons.

Foup of cars is fitted with ‘a certain safety technology to be analysed and another group not fitited, the

groups

isons of

ble to do the calculations the number of crashes with injuries in each of the vehicles or both fis used.

The output is the relative injury risk for vehicles or groups of vehicles. It can also be the ratio between
relative injury risk in two vehicles or groups of vehicles.

9.4 Accuracy, sensitivity and validation

Influence of mass on the relative injury risk can be verified and adjusted for by grouping vehicles in mass
categories and studying how the relative risk varies for the various combinations of mass categories chosen.
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Influence of crash severity for the various cars or groups of cars is controlled for by the method when using
large data samples, as both vehicles are exposed to the same crash severity on average. However, differences
in aggressivity due to vehicle structure is a factor that is difficult to remove. It is important to consider
when comparing vehicles that have large differences in its structure, such as stiffness. Using larger data
samples, the methods can be used for calculating relative risk on an average basis for all car-to-car impact
configurations. But vehicles or vehicle groups involved in accidents with the same impact configuration can
also be compared, especially when using smaller data samples.

10 Prospective assessment based on virtual simulations according to ISO/TR 21934-1

10.1 Introduction
This is § summary of ISO/TR 21934-1, which comprises a comprehensive literature review on-the'topic.

In prospective assessments of traffic safety effects for vehicle-integrated technologies actingin the pie-crash
phase, § common procedure is to compare the results of virtual simulations of numerical,representdtions of
crasheq (and other traffic situations) in baseline and treatment conditions. Here, baseline and tr¢atment
denote pimulations without and with the technology under assessment, respectively.

The prpspective assessment approach discussed in Clause 10 focuses on accident avoidance and the
technolpgy’s contribution to the mitigation of crash consequences. Safety technologies that actin the in-crash
or the post-crash phase are not explicitly addressed by the method, although the output from progpective
assessments of crash avoidance technologies can also be considered @i important input to deternjine the
conseqtiences for these.

10.2 Applicability, advantages and limitations

Effectiyeness assessment by virtual simulation can bé&jused at different stages of the technologies’
develogment and for different purposes.

— At p very early stage in concept or product development, virtual simulation can be utilized t¢ define
potentials, requirements and specifications-

— Dutring the product development phase; virtual simulation can be used to optimize the techipology’s
perjfformance towards maximum real-world safety benefit while understanding and controlling pptential
side-effects.

— With the market introductiofi 0f a technology, an expected traffic safety benefit can be estimatedl that is
nofonly based on single exemplary tests, but on real-world distributions of relevant parameters.

In gengral, the virtual simulation-based assessment approach has the advantage that it allows ysers to
investigate a large number of cases representing situations in real world traffic and variations of th¢se. The
simulatfion approachyrepresents an integrative method to combine different knowledge areas in qrder to
achievelthe results;Here, the complex interaction of environment, vehicle and driver can be considerdd in the
assessment. This prospective approach offers a promising combination of speed, flexibility, reprodycibility,
reliabillty and eXperimental control.

Prospe¢tive safety performance assessment validation procedures are an area for further research, 4s today
they are validated and verified in different ways and extents, on a non-regular basis. Often, validation is
focused on the whole method, and unique simulation models are verified. Most effort currently seems to be
spent on the validation and verification of the safety technology under investigation.

The use of virtual simulations in the prospective assessment of safety technologies is generally recognized.
However, standardized terminology and processes of methodological aspects to perform such assessments
are not available to date, which makes results hardly comparable. For this reason, the automotive industry,
research institutes and academia joined in the Prospective Effectiveness Assessment for Road Safety
(P.E.A.R.S.) initiative to develop a comprehensible, reliable, transparent and accepted methodology for
quantitative traffic safety assessment of crash avoidance technology by virtual simulation.
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10.3 Methodology

10.3.1

General

The assessment of active safety technologies takes into consideration the interaction between the vehicle,
its driver, the traffic environment and the surrounding traffic. These interactions outline the complexity of
the assessment and is represented by a large number of descriptive variables.

Consequently, for a comprehensive assessment, the technology’s safety performance is supposed to be
analysed in a large number of test scenarios in order to cover the distribution of relevant circumstances in
traffic situations and crashes. The virtual simulation-based assessment approach allows us to effectively

investi

Ingene
of cras
be intel
assessn

The prd

al, the methodology aims at comparing the results of virtual simulations of numerical represe
es (and other traffic situations) in baseline and treatment conditions. Baseline and. treat
preted as the simulations without and the simulations with the vehicle-integrate technolog
hent, respectively.

cess of prospective simulation studies is outlined in Figure 6.
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Definition of the . Virtual simulation Estimation of the —
! Establishment of . . Validation &
traffic safety . with and without safety s e
. baseline . Verification
evaluation scope safety technology effectiveness

A

tations
ent can
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)

o

pta, test/experimental data)

hta (indepth crash data, national/international crash data, NDS/FOT data, infrastructure data, safety technology specification

Figure

Once th
simulat

The bas
virtual

a) set
b) set

c) set

Then, the baseline iSarsed in virtual simulations, with and without the safety technology present. Sinj

comple

safety ffechnolegy interferes, such as to the way that the driver, the vehicle and the surrounding trg

modellg

6 — Overview of the process of prospective asséssment of traffic safety for vehicle-inte
safety technologies by means of virtual simulation according to ISO/TR 21934-1

e scope of the assessment is defined and specified by a relevant research question, a base
ions is created.

eline consists of numerical representations of crashes and other traffic situations that can be
simulations. Typical categories of baselines are:

5 of reconstructed cases of heal-world traffic situations;
5 of reconstructed andj/or modified cases of real-world traffic situations;

5 of synthetic cases'generated based on traffic accident and traffic flow research.

kity and the level of detail depend on the way the baseline is represented and to which deg

d. A géeneral simulation framework consists of the main parts given in Figure 7:

grated

line for

used in

iulation
ree the
ffic are

— th

vehicle. Qnrrnnnﬂing (fhrnn models:an environment mnﬂn]’ atrafficsituationmodeland atraffic

model);

— acollision- and a simulation control module;

— the

vehicle under test (three models: vehicle model, sensor model, and function logic model).

In addition, driver models can be used in the vehicle under test and in the vehicles of the surrounding traffic.

Finally, for estimation of safety technology effectiveness, the outcome of the simulations with and without the
safety technology can be compared in terms of changes in the percentage of accidents, crash configuration
parameters for remaining crashes and further related metrics.
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Simulation control

10.3.2

As deplc)ted in Figure 7, input data are provided-for the different steps within the process of assq
gy’s effectiveness by means of virtuaksimulation, i.e. for establishing the baseline, for develppment,

technol
trainin
outputs
tother

A wide
in most
used ag
simulat
studies
control

In Tablé

Vehicle Vehicle

surrounding
Vehicle

Environment model

model P —— ——— = .

Safety techmotogy
Traffic Sensor Collision
situation model model model

Traffic Function logic

model model
Lo e .|
| |
| |
| Driver :
: model |
| |

Figure 7 — Simulation frameweork architecture

Input data

b and parametrisation of models usedin the simulation tool, for analysis and projection of sinj
and for validation of simulationand models used. In relation to these different tasks and with
bsearch question, the quality and Tepresentativeness of the data sample are recognised.

range of input informationcan be provided for the prospective effectiveness assessment. A
cases, data from real-world traffic are used, data collected in, for example, specific tests
complements. The most relevant information needed for prospective assessment based on|

ions are safety techinology specification data, traffic accident data, data from naturalistic

(NDS) or field--operation tests (FOT), infrastructure and traffic flow data and test daf

ed environments such as test track or driving simulators.

2, someldata sources are mapped to the steps in the prospective effectiveness assessment p

ssing a

iulation
regard

though
can be
virtual
driving
a from

[OCEeSS.
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Table 2 — Overview on used data types for the different tasks within the prospective effectiveness

assessment
Active safety | Accident | Accident data Infra- Test data
- NDS/FOT struct-ure
technology | data (gen- (in-depth . (test track,
data and traffic -
related data | eral data) data) data simulator)
Establishing the baseline X X X X)
- reconstructed cases
Establishing the baseline
- reconstructed and/or X X X (X) (X)
modlfl dcasac
Establighing the baseline
- synthgptic cases gen-
erated lpased on traffic X (X) X X X (X)
accident and traffic flow
research
Develogment of simula-
tion models (X) (X) X X X K
Data prpjection X (X) (X) X
V_ahdat on and verifica- X) x) X X X i
tion
Key
X comfnonly used data sources
(X) rarfely used data sources
10.3.3 |Output data
To estimate safety technology effectiveness, the outcomnie of the baseline and treatment simulatiorns (with

and witlhout the safety technology) are compared.

The badis for the effectiveness estimation repofting is established as the study target population is dlefined.

A set of cases for the baseline represents this target population. The relative change in crashes du

technol

There 4
velocity
the ind
simulat]
speeds,

technolpgy under study

The mo|
or prog
collisio

autonoimous \iriterventions for the surrounding traffic have been considered. In case an acciden
but mitigated, the consequences of the accident can be reduced. The extent to which the injury level

avoided

gy under study is estimated by simulations and used for further analysis.

re different approaches to quantify the outcome of the simulations. For example, the chang
at the time of collision catrbe a useful metric in the development phase of the technology
cator functional years{ost due to personal injury quantifies social benefits. Based on the
ion output (e.g. the indication of crash/no crash, crash configurations for crashes including
pre-crash accelerations), a range of metrics can be derived to present benefits or flaws fi

5t commonlyiSed metrics for effectiveness are changes in the percentage of accidents, injury {
erty dantage. Other metrics are field of view coverage, sensor detection rates, minimum {
h to aveid collision and change in impact speed or crash configuration. Also, the conseque

e to the

e of the
as can
general
impact
om the

everity
ime-to-
nces of

is not

is reduced is often calculated by maKing use of injury risk functions during or alter the virtual simulation.

Finally, to make the results representative for a specific region or country, projection of the data can be

applied

10.4 Accuracy, sensitivity and validation

The main challenge in prospective effectiveness estimations is to ensure that the simulation provides
realistic results. A prerequisite for this is the availability of (real-world) data to parameterize the used
model and simulated scenarios at sufficient quality.
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To check the quality of the simulation and its models (i.e. simulation models) a validation and verification
process is applied. This process checks the outcome of the simulation or a simulation model against a
reference result that is derived typically from real-world data. In addition, the reporting of limitations and
assumptions that are made or arise during the study are important aspects to achieve a credible result. Other
methods, such as sensitivity analysis to identify the influence of certain parameters on the overall results,
support the credibility of a results further. However, these methods can be quite resource consuming.

Despite the validation and verification, reporting and addition efforts, it is important to keep in mind
that the assessment is done prospectively. This means that actual results are only known a time after
the assessment, often years later. During the assessment and the actual results, which can be derived
by the methods presented in this document, other factors can change. This can lead to a different result
than derived-by-the-prospective-assessment—Thereforeitisin - pptions and
limitatipns of the assessment.

11 Crash momentum index, C-V,. plane (prospective or retrospective assessment)

11.1 Introduction

In critidal road scenarios resulting in vehicle-to-vehicle crashes, different types ofadvanced driver asgistance
systemp (ADAS) intervention logic can be compared in terms of IR. The modelling of IR as a functiop of the
ex-post|variable AV is well-established. Nevertheless, as a consequence of -the impact, AV does not provide
direct quggestions regarding how the ADAS intervention on braking and steering can be driven to decrease
IR. From this standpoint, AV can be disaggregated in two pre-crash ¢ontributions: V,, which is the|closing
velocity between the vehicles at the collision instant, and C, the crash-momentum index, which represents
impact |eccentricity, so that AV =C-V, [44L[38]. Each ADAS intepvention on braking and steering leads to

diverse|kinematics and impact configuration if the crash is not-avoided, and, hence, coordinates in the C-V,
plane. ¢-V, plane evaluations provide qualitative and quantitative highlights regarding ADAS interyvention
compatfibility with the best possible outcome (minimum AV and IR) and allow assessing th¢ ADAS

performance in:

— a pfospective approach, by predictively identifying the impact configuration associated with the ADAS
int¢rvention logic in reference scenarios (uSeful during the design phase of the ADAS);

— a prospective approach, as a tool to:quantitatively evaluate the outcome of consumer/manufacturer
tesfs[3];

— ar¢trospective approach for estimates in correspondence with real accident scenarios.

11.2 Applicability, advantages and limitations

The C-§. plane makes it¢pgssible to assess the severity of a collision between vehicles in terms of kipematic
paramdters and impact configuration. These kinematic parameters and impact configurations|can be
modifidd by the intefvention of an ADAS but also by changes to the infrastructure that, for example| induce
speed tteductionsyor different vehicle impact configurations (e.g. the introduction of a roundaboyt at an
interseg¢tion). The approach thus makes it possible to quantitatively assess the effect of such interventions
on the guteome of accidents.

I EANAC - ok e 1o ades 1 pa | a P | Ry o a1 - ades d
n CaSe-or AUaS MTeT VENtiol, et usS—asstime—a crttcar roat sceirario raentiiea 0y SPeCiric positions an

velocities for the subject vehicle (the one whose effectiveness of ADAS is to be assessed). This is the reference
scenario. From this point, maximum braking does not always result in the maximum decrease in IR. In
fact, impact eccentricity (affecting C) also plays an important role in IR decrease.[*0] This latter effect has
also been highlighted in Reference [41] from a statistical standpoint, which demonstrates that the single
contributions V. and C directly affect the injury outcome.

The ADAS intervention on braking and steering substantially affects the values of V. and C at the collision
instant. The primary advantage of employing the C-V, plane thus results, i.e. the option to visually monitor
how a specific intervention logic on braking and steering modifies IR compared to a reference condition. An
additional benefit deriving from such approach is that it provides indications on how the ADAS intervention
can be optimized to allow for a decrease in IR. By the visualization in the C-V, plane, the best possible
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intervention on braking and steering associated with the specific scenario is directly evidenced, i.e,
leading to V. and C values compatible with the lowest possible AV (and IR).[42]

The method cannot be applied to sliding impacts, for which the principal direction of force
substantially from the V. direction.[43]

11.3 Methodology

11.3.1 Description

the one

differs

In aretrospective analysis, the method can be applied to evaluate, starting from a real accident, the difference

in IR infpresence or absence of the ADAS. If in the real accident the ADAS was absent (reference scena
hypothetic scenario with ADAS presence (modified scenario) is evaluated. If the ADAS is present)in

[i0), the
the real

scenarip (reference), the hypothetic scenario with ADAS presence is evaluated (modified). In-a-progpective

analysif, both reference and modified scenario are not real but hypothetic: the cases with, ADAS
(referemce) and presence (modified) are both evaluated.

hbsence

In real ¢ar-to-car impacts, it is possible to obtain AV and V. from the reconstruction pfaccident kingmatics.
From AV =C-V_, it is possible to obtain C and hence the coordinates in the C-J}4. plane. In the hypothetic

scenarips, C for the subject vehicle (C,) can be obtained as in Formula (12):

¥g-(1+€
Chk Ya Vs ( ) 12)
YatYp-my /Mg
where
2
= kA
yA B 2 2
ka +hy
where h, and k, are the arm of the force (Figure-8) and the radius of gyration for the subject |vehicle,
respectively, and
2
VBT ai:
k& +hi
where
hg is the arm of the force)(Figure 8);
kg is the radius of'gyration for the opponent;
£ is the restitution coefficient in correspondence of the point of impact, a strong function of V, [43];

my|  is themass of the subject vehicle;

mg| is‘the mass of the opponent vehicle.
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Figure 8 — Elements of a crash configuration that allow determining C

resentation of the intervention on the C-V, plane, in which curves at constant AV (and IR, if
fed to AV ) are equilateral hyperbolas, is reported in Figure 9. Starting from the “No action” co
options of intervention on braking and steering are available for an ADAS device. “Logic 2” in |

(lower C,dower V. and lower AV as a consequence). If an accident is avoided, there is no imp
Fe the [Ris'zero (V. = 0).

directly
ndition,
figure 9

rior if compared to “Logic 1”. Following “Logic 2”, the ADAS activates so that a higher IR grdadient is

act and
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