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The first international Al safety standards, namely ISO/IEC TR 5469 and ISO/PAS 8800, have been released. The
usage of Al in safety-critical settings offers new dimensions, including autonomous mobile robots, self-driving
cars, perception systems etc. Traditional safety engineering primarily employs the V-model process, as a systematic
means for translating requirements from specification to system hardware and software architecture and measuring
their correct implementation during verification and validation. In contrast, Al-driven systems are predominantly
data-driven and follow an iterative lifecycle. Within this lifecycle, the core objective is to compile an assurance
argument that demonstrates the system’s capability to implement necessary risk mitigations and address the inherent
uncertainties of Al-based systems. The efficient assurance argument has been proposed as a means to characterize
the key facets, necessary for system assessment, deployment readiness and certifiability. This study firstly, analyzes
the first two international standards to determine their alignment with these characteristics and secondly identifies
open questions, particularly the challenge of transitioning safety requirements assigned to Al-based safety-critical
systems into quantifiable metrics.
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1. Introduction et al. (2024).

On an international level, ISO/IEC TR 5469
ISO/IEC (2024) and ISO/PAS 8800 ISO (2024)
have been published, addressing the usage of Al
technology in general and for vehicles, respec-
tively. Traditional safety engineering is based on
the structured V-model process IEC (2010); ISO
(2018); CEN (2023), ensuring a system imple-
mentation fulfilling requirements, dedicated us-
age. Further, it forms the basis for traceable third-
party assessment. Conversely, Al based systems
are iteratively developed due to their data-driven
nature, i.e., a model is repeatedly refined using
(updated) data, model training and testing Perez-
Cerrolaza et al. (2024).

Al based SCSs, falling under Annex I(A) in the
MR and under Annex I(A) in the AIA require

The first standards in addressing the usage of arti-
ficial intelligence (Al) to achieve functional safety
(FuSa) have been released. Likewise, European
Union regulation is considering the usage of Al
generally in the horizontal Al Act (AIA) and more
specifically in the machinery sector in the Ma-
chinery Regulation (MR) European Parliament,
Council of the European Union (2024, 2023). The
promise is to make use of Al technology in safety-
related context, such as autonomous guided ve-
hicles, mobile robots, safe human detection and
many more. The common denominator of safety-
critical systems (SCSs) is the necessity to using
dedicated safety engineering standards, such as
DIN (2023) for driverless industrial trucks, and
obligatory third-party system assessment Burden
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mandatory notified body assessment Locherer
et al. (2026). However, traceability is not given
when developing Al based systems, i.e., complex
black box model structures impede transparency
and understanding Rudin (2019); ISO/IEC (2024).
An a priori specification is also not present due to
unique tasks Spanfelner et al. (2012); Koopman
and Wagner (2016); ISO/IEC (2024). Moreover,
data is used as information source, which might
not contain the relevant details. In this context,
uncertainty originates from the open environment,
the imprecise observations, and the model based
system Klis and Vollmer (2018); Burton and Herd
(2023).

To address these challenges, assurance argu-
ments (AAs) have been proposed to demonstrate
that a system is acceptably safe Picardi et al.
(2019); Ward and Habli (2020); Burton and Herd
(2023). An AA is thus, a systematic composition
of individual claims, arguments and evidences de-
tailing why such a system is safe ACWG (2021).
While the construction of a compelling AA is
challenging Shankar et al. (2022); Annable et al.
(2026), minimizing the “assurance uncertainty”
is even more complex, i.e., an AA that properly
mirrors the actual system uncertainty, as identified
in Burton and Herd (2023). This study focuses on
the “efficient AA,” which supports smooth third-
party assessment during certification, as detailed
in Locherer et al. (2026).

In this paper, we conduct a variance comparison
between implemented strategies in international
standardization meeting the theoretical properties
of the efficient AA. This comparison is realized by
firstly detailing the key characteristics of the ef-
ficient AA, secondly, mapping relevant strategies
outlined in ISO/IEC TR 5469 and ISO/PAS 8800
to this concept to identify fulfilling and lacking
properties.

With our contribution, we firstly, determine the
state-of-the-art of current safe Al standardization
on an international level in assisting third-party
assessment, secondly, we identify limitations, po-
tentially leading to further research, and thirdly,
we describe how both standards documents can be
used jointly.

We use the following conventions in this

manuscript: [ISO/IEC TR 5469 is abbreviated with
technical report (TR) and ISO/PAS 8800 with in-
ternational standard (IS).

Our manuscript is structured as follows: Sec-
tion 2 introduces frequently used terms, as well as
the concept and the motivation behind the efficient
AA. Section 3 outlines our approach and research
questions (RQs). Section 4 illustrates the mapping
between the TR and the IS to the properties of the
efficient AA. The RQs are answered in Section 5.
In Section 6 we provide a short conclusion on our
study.

2. Background

This section introduces terms, system considera-
tions and the efficient AA. Some of the terms and
concepts are unique in the TR and IS.

2.1. Application and usage level

The TR defines the application and usage level
(AUL) as a mechanism to distinguish between
different usage contexts and autonomy levels of
Al technology. Level A relates to using Al inside
a safety related function and level B is assigned to
using Al technology as tool during development
(cf. ISO/IEC, 2024, CL. 6).

2.2. Al technology class

Additionally, the TR introduces a classification
scheme for Al-based SCSs into Class I, Class II
and Class III. A Class I systems shows proper-
ties that can be addressed using existing conven-
tional standards. Class II systems can partially be
developed based on traditional safety standards,
however alternative FuSa risk assessment methods
are used to demonstrate compliance (cf. ISO/IEC,
2024). Class III systems cannot be implemented.

2.3. Safety-related properties

Safety-related properties are a concept in both
standards documents, which incorporates the
challenges of Al-based systems used to implement
risk mitigation in a safety context. Due to the
properties of Al-based systems, some limitations
will likely remain in an Al-based SCS even after
rigorous engineering. Hence, the idea is to com-
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pensate these remaining limitations with safety-
related properties. Examples are: Reliability, ro-
bustness, resilience and others. While the IS uses
the term “‘safety-related property,” the TR uses the
notion “desirable property” ISO (2024); ISO/IEC
(2024).

2.4. System view and boundaries

An Al-based SCS usually consists of hardware
(HW), software (SW) and Al-based SW parts
ISO/IEC (2024); ISO (2024). This is called the
“encompassing system” in ISO (2024), to which
we refer to as broader system or overall system.
In this manuscript, we assume that a compelling
AA can be developed for the conventional HW
and SW parts. Furthermore, interfaces between
traditional SW and Al-based SW are clearly speci-
fiable. Additionally, we assume that the inference
HW (cf. “Al technology elements,” e.g., a graphics
processing unit etc. in (ISO/IEC, 2024, Cl. 7)) for
the safety-related AI SW is acceptably safe. Dur-
ing design the safety-requirements are distributed
among the above mentioned parts, hence, a subset
of the safety-requirements is handed over to the AL
part of the SCS, for which an efficient AA shall be
developed. Therefore, the AA is limited to the Al-
based SW.

2.5. Efficient assurance argument

The “efficient AA” characterizes an AA that can
be used by third party assessors, such as noti-
fied bodies. Its characterization is presented in
Locherer et al. (2026), which is based on ACWG
(2021); Shankar et al. (2022); Burton (2024), with
the following features:

(a) The usage of a robust assurance driven devel-
opment (ADD) process, as well as, qualified
and recognized tools along the Al system life-
cycle, i.e., “assurance driven development and
reusable artifacts.”

(b) The translation from descriptive safety re-
quirements into assessable and measurable Al
model properties must be given, i.e., “precise
claims.”

(c) Transparency in the Al technology, task and
assumptions must also be given, i.e., denoted
as “validatable models and assumptions.”
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(d) A sound decomposition structure in the AA
is present, enabling simple assessment, i.e.,
“rigorous chain of reasoning and evidence.”

3. Methodology

We employ a derived approach, similar to the
“mapping study” in Petersen et al. (2015). How-
ever, instead of a conventional literature review,
we base our mapping solely on ISO/IEC TR 5469
and ISO/PAS 8800 and the definition of the ef-
ficient AA. In existing literature Shankar et al.
(2022); Burton and Herd (2023); Burton (2024),
the efficient AA has been described mainly as a
means for effective and realistic third-party SW
assessment (cf. Section 2.5). This is required for
SCSs and specifically for Al-based SCSs due
to their inherent complexities. We map the rel-
evant provisions detailed in ISO/IEC TR 5469
and ISO/PAS 8800 to the key properties of the
efficient AA. Besides providing an overview on
the different approaches detailed in the TR and
the IS, we address the following RQs: RQ 1: What
strategies are outlined in the TR and the IS to
meet the criteria of the efficient AA? RQ2: To
what extent do both standards documents fulfill
the definition of the efficient AA? RQ 3: What are
the potential weaknesses and limitations in both
documents with respect to the efficient AA? RQ 4:
How can the TR and IS benefit from each other?

4. Mapping results

In this section the mapping is conducted. Besides
providing on overview and more details on the
efficient AA, we address RQ 1.

4.1. Assurance driven development and
reusable artifacts

A SW lifecycle approach focused on creating SW
and associated evidences for the AA compilation.
Approved, trusted, and well-understood tools and
methods applied during development.

ISO/IEC TR 5469 The TR does not ship with a
predefined Al lifecycle process. Although based
on IEC 61508-3, it has to be selected by the
engineering team. Further, the process of the
“three-stage realization principle” to incorporate
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for data must be connected to the chosen life-
cycle, as noted in Locherer et al. (2025). ADD
is not given, and thus, must be defined based on
existing international standards (ISO/IEC, 2024,
Cls. 11.1-11.4, Annex D) and the three-stage real-
ization principle (ISO/IEC, 2024, CI. 7, Annex B).
Considerations on reusable artifacts given as “Al
technology elements” are presented in (ISO/IEC,
2024, Cl. 7). The definition of the AUL com-
prises tooling (levels B1 and B2) for which tool
qualification might be necessary (ISO/IEC, 2024,
CL. 6). Special remarks on achieving compliance
with Al-based tooling can be found in Slotosch
(2025).

ISO/PAS 8800 The IS provides an ADD lifecy-
cle for Al systems from requirements allocation,
development to operations, as well as dataset cu-
ration (ISO, 2024, Cls. 7, 11.4). In both cases, the
iterative lifecycle ensures that development and
assurance are closely linked. This implies that the
prerequisite for obtaining a sound AA is present.
Moreover, the standard clearly states that require-
ment artifacts from “past products” can be recy-
cled (ISO, 2024, CI. 9.4), which shows that the
idea of “reusable tools/artifacts” is implemented.
Additionally, requirements are defined to prevent
errors and confidently use external tooling and
methods along the lifecycle (ISO, 2024, CI. 15).
An overview of general architectural considera-
tions and development measures is also provided
(ISO, 2024, Annex G).

4.2. Precise claims

Safety requirements translatable into measurable
properties of the Al model.

ISO/IEC TR 5469 The requirements elicitation
is given via the three-stage realization principle
(ISO/IEC, 2024, Cl. 7, Annex B). This method
is used to convert safety requirements into safety-
related properties (ISO/IEC, 2024, Cl. 8) and to
find an associated argumentation, in which Al
metrics (ISO/IEC, 2024, CI. 9.3.4) are used. The
TR explicitly states that multiple metrics and field
monitoring might be required, which perfectly
aligns with the idea of safety performance indi-

cators (SPIs) in UL (2023) and safety-related key
performance indicators in ISO (2024). Addition-
ally, architectural considerations are outlined un-
der (ISO/IEC, 2024, CI. 10) to obtain robustness
and safety. However, as noted the challenge lies
in “[...] defining and guaranteeing their reliability
properties and failure behaviours[sic]” (ISO/IEC,
2024, Cl1. 10.1).

ISO/PAS 8800 The IS focuses on how safety
requirements are formulated and refined during
development. Compared to the TR a whole clause
is dedicated to this topic and many insights are
provided (ISO, 2024, Cl. 9). An overview on
safety-related properties, required for safety appli-
cations is detailed in (ISO, 2024, Annex D). Fur-
ther guidance is delivered on measures, e.g., sys-
tem architecture considerations, redundancy, data
aspects, monitoring, among others (ISO, 2024,
Cl. 14, Annex G). A note on well-known machine
learning (ML) performance metrics is also given
in (ISO, 2024, Annex H). The responsibility for
defining a complete set of Al safety requirements
and specifying them in a quantifiable manner,
such as measuring an Al model’s properties, lies
with the engineering team.

4.3. Validatable models and assumptions

Explainable models and a complete understand-
ing of the task and the environment is probably
the most challenging when it comes to Al and
specifically ML. While explainable models based
on Al technology might never be available Rudin
(2019), the engineering team must ensure that the
assumptions such as task and environment are
properly understood and Al system limitations
are identified. In this context, ADD helps to scan
the environment to precisely define the opera-
tional design domain (ODD), to obtain deeper
and clearer understanding of possible scenarios
imposing challenges to the model.

ISO/IEC TR 5469 The TR discusses properties
and “risk factors” of Al systems in (ISO/IEC,
2024, CI. 8), which is based on existing litera-
ture. The TR makes a distinction between training
algorithm, the (untrained or empty) model and
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its parameters (trained model). In some cases the
model’s parameters can be engineered manually,
in which domain knowledge is used to tweak
parameters, leading to a Class I SCS. Conversely,
when an ML algorithm is used to derive the model
parameters based on a dataset, this likely results in
either Class II or Class III systems, necessitating
alternative FuSa risk assessment methods. Fur-
ther considerations refer to system autonomy, as
well as, transparency and explainability as safety-
related properties.

The TR underscores the importance of data
when it comes to verification and validation
(V& V). Hence, generating a dataset based on
hazard analysis and risk assessment (HARA)
should result in an “as precisely as possible” de-
fined ODD, and establishing metrics for their ver-
ification (cf. SPIs). Likewise, reverse engineering
the model to make it understandable is suggested,
potentially resulting in a Class I system. More-
over, different testing procedures are proposed
such as virtual and physical testing to identify the
realized risk mitigation (ISO/IEC, 2024, CI. 9.3).

ISO/PAS 8800 The IS provides a sound ADD
process covering the complete lifecycle, including
post deployment. It aims at generating evidences
that the Al-based SCS is and remains safe. V& V
is continuously conducted to ensure that safety re-
quirements are fulfilled appropriately (ISO, 2024,
Cl. 12). The iterative nature allows to “[...] iden-
tify, analyse, reduce and mitigate functional insuf-
ficiencies in the trained model [...]” (ISO, 2024,
Cl. 7.5). Likewise, the definition and selection of
data is emphasized in this process (ISO, 2024,
CL. 7). Entangled with the ADD is the creation of
the AA, as outlined in (ISO, 2024, CI. 8). The IS
provides decomposition of the top level claim into
sub claims, strategies and evidences using goal
structuring notation in (ISO, 2024, Annex B).
The key objective is to demonstrate that safety
requirements are fulfilled and to assess whether
the risk detailed in the AA resembles the actual
risk of the Al-based SCS. This is also achieved
using a multiple testing approaches as outlined
under (ISO, 2024, Cl. 12), including statistical
testing, random testing and virtually generated

test cases, among others. Moreover, the process
of obtaining safety requirements requires a well
understood ODD and task. Within the ADD pro-
cess, refinement of requirements and ODD takes
place, based on newly gained insights. Identified
restrictions are renegotiated within the broader
system context (ISO, 2024, CI. 9).

4.4. Rigorous chain of reasoning and
evidence

Assessability of the evidence and chain of argu-
ments must be given. Evidence must be compre-
hensible and clear as noted for Item b.

ISO/IEC TR 5469 The TR characterizes Al-
based systems using an AUL (ISO/IEC, 2024,
Cl. 6), to incorporate not only for AI technol-
ogy in safety-related functionality implementing
risk mitigation, but also during development, e.g.,
for automated code generation, etc. As argued in
Locherer et al. (2025), this high-level distinction
offers a simple means to chose the required rigor
in safety-assurance. The considerations outlined
under (ISO/IEC, 2024, CI. 9)—V & V—such as
HARA and related data; different levels of testing,
such as virtual and physical testing; field moni-
toring, etc. might support evidence generation and
safety case argumentation. Very little is mentioned
on how to reason for AA completeness using the
“three-stage realization principle.”

ISO/PAS 8800 As noted, the engineering and
maintainability of the automated driving system
is based on ADD. In this context, the process
depicted under (ISO, 2024, Cl. 7) ensures that
violations of safety requirements due to functional
insufficiencies are either omitted or mitigated over
the complete Al lifecycle (ISO, 2024, CI. 8, An-
nex B). Likewise, evidence is generated to demon-
strate the validity of this reasoning, which is
based on the Al safety requirements (ISO, 2024,
Cl. 9), operational measures (e.g., monitoring)
(ISO, 2024, CI. 14, Annex B) and their continuous
V&V (ISO, 2024, Cls. 12, 13) using SPIs.

5. Discussion

In this section we provide our evaluation and in-
terpretation on the presented RQs.
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5.1. Fulfillment and limitations in
meeting the efficient AA

This section details RQ2 and RQ 3. Items a to d
relate to the definition of the efficient AA under
Section 2.5.

Item a: The TR does not provide an ADD
process. A process has to be defined based on
existing international standards and must be en-
riched by the guidance given in the TR. Some
considerations on reusable artifacts are provided.
Conversely, the IS provides a well-defined ADD,
addressing ML-based SCSs. Requirements on
reusable artifacts are given.

Item b: Challenges are stated in the TR,
however, mitigation approaches seem ambiguous.
Very little guidance is given on how to define
safety-requirements, select relevant safety-related
properties and which metrics have to be used for
their confirmation. Further, how to measure the
required amount of risk reduction based on indi-
vidual or combined evidences? The IS makes pro-
visions on the ADD, requirements elicitation, met-
rics etc. However, what is a consistent and com-
plete set of safety requirements? How are multi-
ple measures combined to substantiate a claim?
While the IS provides more details and guidance,
the issue in defining precise claims is assumed
to be known. This however, is usually not the
case (Werling et al., 2025, Sec. 1.2). Our rating
is partially addressed in both, while the IS is more
comprehensive.

Item c: The TR specifies problems and possi-
ble solutions by making models understandable,
potentially realizable by simple models. Never-
theless, safety assurance for perception systems is
given via the three-stage realization principle. In
this regard, our considerations under the previous
item are relevant. The challenge is to define a com-
plete set of safety requirements, deriving safety-
related properties and consistently measuring their
correctness. Are the right metrics selected? Do
they measure the appropriate properties, etc.?
When using testing for evidence generation, what
is sufficient testing? What has to be tested? Since,
ADD is not given in the TR, convincing a notified
body is challenging not adopting an ADD process

from other standards. The IS also addresses the
problem by generating evidences during the life-
cycle. The key point is mentioned, which is to
detail required risk mitigation and likewise cor-
rect reflection in the AA. The iterative nature of
refinement and safety analysis is aimed to result
in a solid solution. Based on our findings, the IS
is more comprehensive compared to the TR. It ad-
dresses relevant aspects and provides a reasonable
way to achieve the unachievable, by firstly, doing
as much as possible and providing measures to
ensure system correctness. As this problem is still
not resolved, we consider it partially fulfilled.

Item d: The AI technology class conversion
mechanism in the TR is incompletely described,
specifically when converting a system assigned
Class III, i.e., prohibited usage in a safety func-
tion, into Class I, i.e., allowed for usage. Clear
requirements on what is enough evidence are
missing. Hence, argument acceptance is left to
the judgment of the engineering team. In this re-
gard, a notified body might conclude differently
(cf. Locherer et al. (2025)). Although the three-
stage realization principle provides a means to
determine evidences for selected safety-related
properties, it is assumed that the proper decom-
position structure, demonstrating freedom of un-
reasonable risk, is self-evident, which is not the
case. From an assessor’s perspective, is it clear
which technology class should be selected? How
to ensure that measures do not lack the same blind
spots? Is testing economically practical? How to
demonstrate that assurance uncertainty is miti-
gated? Are the implemented monitors providing
correct and ongoing evidences? The IS system-
atically approaches the considerations in Item d.
However, arguing for evidence completeness is
challenging and makes third party assessment dif-
ficult. Therefore, more guidance, e.g., in the shape
of a systematic approach to uncertainty quantifi-
cation, and examples are required to prevent the
development of AAs for which “[n]o evaluator
would have the resources to draw out all of the
flaws in such a complex assurance case[,]” as
indicated in Shankar et al. (2022).

1671



1672

Proc. of the European Safety and Reliability Conference (ESREL 2026)

5.2. Interim summary and
recommendations on mutual benefits

This section provides an interim summary, on
which we provide a recommendation on RQ 4.

In summary, the TR outlines important aspects
on Al-based FuSa, but the ADD, as a precondition
for obtaining an efficient AA is missing. Hence,
it could benefit from adapting or referencing to
the IS. Conversely, the IS fulfills this requisite.
When it comes to safety assurance, both standards
expect, that a complete set of safety requirements
for the AI SCS has been derived, all relevant
safety-related properties have been identified and
each property has been connected to a set of
metrics and measures, capable of reliably, accu-
rately and completely verifying these properties.
This however, is probably the most challenging
part and not obvious. Some of the safety-related
properties might be unachievable or if they are
achievable, providing evidence on their fulfillment
is challenging. While the scope of the IS is limited
to constructing an Al-based safety function with
tolerable risk level, the TR can be used for consid-
erations on tooling utilizing the AUL definition.

6. Conclusion

This study provides an overview on meth-
ods detailed in ISO/IEC TR 5469 (TR) and
ISO/PAS 8800 (IS) in meeting the concept of the
efficient AA. This overview is detailed based on a
mapping of the methods in both standards docu-
ments to the related properties of the argument. In
a nutshell, neither of the standards fulfills the no-
tion of the efficient AA. However, the IS provides
a more compelling set of methods, specifically
its well-documented ADD. Conversely, the TR
shows significant gaps. Hence, the condition for
obtaining a sound AA can be seen as fulfilled in
the IS, while the other positions are challenging to
achieve using the prescribed strategies. The TR,
however, meets the criteria insufficiently. Never-
theless, we believe that both standards can benefit
from each other. This is specifically, given in using
the TR for Al-based tooling and utilizing the ADD
from the IS in the TR. The main challenge, namely
providing evidence that the system is acceptably
safe in a traceable manner remains.
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