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Abstract—Structuring the early design phase of automotive
systems is an important part of efficient and successful de-
velopment processes. Reference models have to define stages
to organize the collaboration of different engineering domains,
whereas individual tasks often strongly influence each other.
Early functional safety considerations, as required by ISO 26262,
have significant impact on the structure of the development
process. This contribution presents a procedure model which is
based on a tried and proven design model for driver assistance
systems. Multiple adaptions of the prior model are established,
especially to reflect the functional safety life cycle. An additional
layer is displayed adjoining the reference process to include sup-
porting methods of modeling and model analysis. The proposed
reference process strongly aligns with the flexible procedure
model of VDI 2206, allowing for easier implementation in current
automotive development processes.

I. INTRODUCTION

Even in theory, development processes cannot be grasped as
a strict sequence of individual process steps, since the different
tasks influence each other recursively. The interaction between
the steps of development can more easily be displayed in form
of cycles. A reference process for the early design phase of
driver assistance systems was developed during the research
project “Automatic Emergency Braking” at Audi. It displays
the iterative design loops required for such systems and was
first introduced in 2002 [1].

Reference processes are important to manage the growing
complexity of development activities for automated driving
functions and driverless cars. In contrast to driver assistance
systems, the systematic design of driverless systems has to
consider additional requirements. This is especially true for
safety aspects, as human drivers or supervisors might not
be a fallback solution in all cases. Today, functional safety
considerations can have significant impact on the outcome
of design processes for automotive systems. Thus, functional
specifications defined in the initial concept phase should
already respect key requirements of the safety life cycle as
defined by standard ISO 26262 [2]. The proof of functional
safety has to be a major concern during preliminary develop-
ment.

The ISO standard defines new requirements for the life
cycle of safety-related systems in passenger cars that likely
differ from the earlier used in-house standards and the generic
product standard IEC 61508 [3]. Hence, reference processes

for product development in the automotive industry have to be
revised to reflect the adoption of the standard. In practice, the
implementation of safety requirements in early development
activities usually still lacks structured approaches. This is
especially critical for the task of defining safety goals and
deriving the functional safety concept within the concept
phase, potentially supported by safety analysis steps, not
further specified by the standard.

Leveson [4] argues that safety aspects have to be considered
from the early concept formation stages of development in
order to achieve cost-effective safety engineering. Thereby, all
design decisions are guided by safety considerations. Sexton
et al. state in [5] that concepts with poorly conceived safety
requirements are likely to result in subsequent re-work and
weak coordination with suppliers. Eventually, the developed
product can actually be unsafe if missing safety aspects are
not identified at later stages of the development process.

In order to reflect the current challenges of systematic
design processes for automotive systems and the functional
safety standard ISO 26262, the reference process described
initially [1] is adapted and presented in a new version. A
major modification is the introduction of tasks for defining
safety concepts in the early stages of development, following
the hazard analysis and risk assessment (HARA) described
in ISO 26262. Thus, the new reference process incorporates
feasibility and ease of validation of the functional safety
concept, while inheriting the orientation towards customer
benefit from the original design model.

II. RELATED WORK

The application of the original systematic design model
is described in detail by Rieken et al. in [6]. To elucidate
the development of concepts and prototypes following the
approach, the authors use the research project “Automatic
Emergency Braking” as a concrete example. The underlying
concept is a development in iterative loops, in which each
iteration improves the functional definition of the system under
development. Therefore, the main purpose of the loops is
resolving basic design conflicts identified based on expert
knowledge, but also adjusting non-realizable functional re-
quirements. A distinctive feature of the model is the inner
loop, describing an optional return to the initial stages based on
an early evaluation of the functional definition and identified



conflicts. This inner loop often does not require any realization
in prototypes, but can be performed theoretically or supported
by X-in-the-loop tools. Customer benefit is defined as the
motivation for any later steps within the design process of
assistance systems. Thus, functional definitions have to be
based on objective or subjective driver needs.

An established example for a design reference process
based on cycles is the “design methodology for mechatronic
systems” defined by VDI 2206 [7]. The standard uses the
V-model as cycle that requires multiple iterations until the
development is completed. Gausemeier and Moehringer [8]
introduced the procedure model of VDI 2206 in 2003, focusing
on its flexibility and the integration of multiple engineering
domains. The authors also introduce strategies to adapt the
guideline for systematic design to individual development
tasks in specific industries. Eigner et al. [9] propose a require-
ment, function, logical solution element, and physical element
(RFLP) diagram as an extension of the V-model of VDI 2206
to include aspects of model-based product design.

Follmer et al. [10] derive an approach for the creation of
mechatronic systems models based on the iterative character
of VDI 2206, specifically displaying the challenges of the
conceptual design phase. The extensive looping back to the
initial task indicated by the process model largely corresponds
with the reference process proposed in this paper. The authors
additionally indicate, how the macro-cycle of VDI 2206 can
be adapted to integrate different design stages.

Anzengruber et al. [11] propose a process model related
to the approach of Follmer et al. that further considers the
challenges of missing or incomplete information. Assumptions
are discussed as a common aspect of early design processes
that requires disclosure and documentation. To emphasize the
possible iterations after reassessment of assumptions made, the
process model displays a circular shape.

The functional safety aspects to be considered during system
design are based on the functional safety standard ISO 26262
that addresses possible hazards caused by malfunctioning
behavior of safety-related E/E systems [2]. The safety process
described by the standard starts with determining necessary
safety goals. This HARA task is split in different stages that
allow for qualitative evaluation of the safety relevance and
necessary risk reduction of different features. Stolte et al. [12]
introduce an approach to structure the HARA task based
on project experience in developing an automated unmanned
protective vehicle. Since the vehicle will be operated without
human supervision, early functional safety considerations are
essential in their project context. Their work includes the
results of applying the structured HARA process on the system
under consideration.

Leveson [4] proposes a safety-guided design process in
which hazard analyses widely support design decisions. The
hazard analysis technique used is called STPA (System-
Theoretic Process Analysis), and is based on the STAMP
model of causation (System-Theoretic Accident Model and
Processes). The approach does not require a completed system
design, but process models based on the functional design. The
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Fig. 1. Structure of the Design Model

author argues that a major mistake of system design processes
is leaving the human operator out of the conceptual design
stages. Accordingly, the proposed process model increases
the design effort put into considerations of human error and
preventing it.

Sexton et al. [5] describe a preliminary phase of safety
engineering used in practice. The phases and iterative character
of the informal process have similarities with the reference
process described in this paper. It consists of cycles for
early hazard analysis, early safety analysis, and early design
decisions that provide input for the later formal development
process. Thus, waiting time for conclusions during the main
development can be avoided. Additionally, early activities of
the development process can focus on safety goals that poten-
tially will receive the highest ASIL rating or have significant
impact on the system architecture.

III. REFERENCE MODEL

A. Overview

Although current development processes in the automotive
industry might largely correspond to an adaption of the
V-model, early iterations in the concept and system design
phase required in practice are not distinctively included in
such visualization. Additionally, individual steps defined by
models and standards are often outlined in impractical linear
sequences within the top-down approach. Even if the sequence
is supposed to be cycled through iteratively (cf. V-model as
macro-cycle defined by VDI 2206 [7]), it does not match with
the extensive looping back to the initial stage from various
individual tasks of the development process.

Adaptions of the V-model for the automotive domain are
usually focused on software-based systems and do not vi-
sualize iterations [13], [14]. In this context, a complete set
of system requirements and the generation of test cases for
later integration and validation is anticipated. Hence, these
development models cannot be directly applied to describe the
multi-disciplinary design of the whole system, which requires
a higher level of flexibility especially while finding concepts.



The VDI 2206 suggests an adaption of its generic macro-
cycle to reflect the individual tasks needed for specific projects
and integrates elements for these adaptations [8]. The reference
process proposed in this paper and depicted in Fig. 1 can
be seen as such an adaption. The breakdown into the main
phases of system design, domain-specific design, and system
integration has been adopted, while the V-shape was omitted
to visualize the structure of the approach, comprising an inner
and an outer cycle. The iterative character of the reference
model still corresponds with the idea of VDI 2206 that
multiple iterations mark different degrees of maturity of the
product. Thus, a first complete iteration does not have to
produce a finished product, but can come up with a detailed
specification of functionality or elements that contribute a
partial solution to the problem [8]. Such results can also be
described as concept studies or early prototypes.

However, the guideline does not cover the earlier concept
phase extensively outlined in the process model described in
this paper. This stage is of large importance for the devel-
opment of systems for automatic driving, especially in view
of the functional safety standard, since it defines functional
requirements for the subsequent highly complex cross-domain
system design. Thereby, most tasks listed in the reference
process are part of the left wing of the V-model, while the
stages of integration and tests are not broken down further.

As already described, resolving design conflicts is the
main purpose of multiple iterations within the design model.
Iterations during system design can additionally be caused by
new technological information being obtainable. Automotive
development especially for automated driving heavily relies on
assumptions about innovative technology, probably available
on the market when the feature is introduced in series produc-
tion. Thus, technical specifications of sensors and other parts
might not be accessible during early development procedures.
With new information, the applicability of assumptions made
and technical feasibility have to be reassessed. Adaptions of
the product require running through the development process
again, which is best visualized in cycles.

In prior versions of the reference model, the definition of
the safety concept used to be a late task of the outer cycle. In
compliance with the standard ISO 26262, this stage has to be
separated in two individual parts, the functional safety concept
and the technical safety concept. The functional safety concept
consists of functional safety requirements that describe a func-
tionality in order to achieve safety goals. Whereas the technical
safety concept outlines the implementation of functions in
hardware and software. Additional changes are discussed later
(cf. III-E). The specification of a functional safety concept
in early development stages is one of the most important
additions of ISO 26262 with respect to other approaches. The
establishment of a safety life cycle can reflect the domain-
specific high degree of innovation in development projects for
which there is a lack of standardized solutions.

Both safety concepts are based on the previously performed
HARA, in which hazards are identified and safety goals
are formulated for each hazardous scenario. Additionally, an

Automotive Safety Integrity Level (ASIL) is assigned with
each safety goal. The structure for including these stages in
the reference model is derived from [12].

Due to their influence on design decisions, functional safety
requirements have to be obtainable early in the development
process. If functional safety requirements are defined too
late, the system design has to be revised. Especially the
system architecture and technical requirements for hardware
and software implementation can be affected. However, those
requirements are also supposed to effectively define a complete
safety concept derived from previously defined safety goals.
Therefore, defining safety goals has to be an initial task of
the concept phase. The individual tasks within the proposed
reference model are depicted in Fig. 2.

B. Concept Phase

The preliminary requirement description is the starting point
of development process. It is an abstract idea of functional
requirements reflecting customer needs or requirements de-
rived from use-cases. Thus, the whole design process is driven
by an identified customer benefit, transferred into recorded
ideas and use cases. The overall goal of the concept phase
is a specification of the functional concept of the system,
based on these requirements. In order to achieve this goal,
while minding multiple aspects, especially those related to
functional safety, the concept phase strongly requires cross-
domain collaboration.

In accordance with the functional safety standard
ISO 26262, a following early task of the development
process is the item definition, serving as input for the whole
subsequent functional safety consideration. Moreover, the
item definition is an essential aspect of the concept phase,
since it specifies a functional description that defines the goal
of the development process. Especially when considering
automated driving, the item definition has to cover the
complete functionality of the vehicle to allow considering its
functional safety. In complex systems, this allows for later
consideration of interactions among components for safety
validation. Leveson [4] argues that hazardous system states
can otherwise occur whilst all items satisfy their individual
requirements.

The ideas and use cases are utilized as an overview of
functions for the formal item definition. Additional informa-
tion like preliminary assumptions of the system architecture or
potential misuses will also be used at this point, particularly
requiring expert knowledge and experience. In this context, the
main inner iteration of the reference process is labeled “item
refinement”, expressing an adaption of the item description in
reaction to conflicts emerged at any state of the concept phase
or system design. Hence, the refinement can have a direct
impact on the proposed functionality.

The following HARA is based on the item definition. The
iterative character of the tasks, described by Stolte et al. [12],
can best be displayed as a loop inside the proposed process. An
initial rating of possible malfunctions of the defined items will
be performed, followed by a description of hazards caused by
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Fig. 2. Systematic Design Model for Automated Driving Functions

this malfunctioning behavior. Hazardous scenarios will then be
derived, based on a consideration of possible driving situations
and environment aspects.

The next task shown in the cycle is the specification
of safety goals and ASILs. The ASIL rating is defined in
ISO 26262, assessing severity, exposure, and controllability for
each failure mode. Safety goals of an item are not supposed to
define technological solutions, but functional objectives. After
safety goals are identified based on all hazardous scenarios,
countermeasures in form of functional safety requirements can
be specified. The requirements are derived from the safety
goals, since they define a concept of function that satisfies
the goals. The functional safety concept, outlined as the next
stage within the proposed development cycle, is composed of
all safety requirements specified, based on the findings of the
HARA.

At this point, two different types of refinement in form of
iterations are possible. Based on safety considerations, an item
refinement is likely needed to narrow the functional range,
in order to effect feasible safety requirements. Alternatively,
the safety refinement describes alterations of the described
malfunctions and hazards, specifically affecting the set of
hazardous scenarios. Thus, the functional range is not affected
by the safety refinement; it aims at achieving completeness of
the HARA and the functional safety concept [12].

As described, the HARA stage ends with the definition

of safety goals from which the functional safety concept is
inferred. Since the following tasks rely on the specification
of functional requirements, the safety concept has to allow
implementation, while safety goals addressing hazardous sce-
narios can be abstract. Hence, ISO 26262 handles functional
safety requirements as links between the concept phase and
the product development. However, the allocation of safety
requirements to architectural elements, as defined by the
standard, requires the assumption of a preliminary functional
system architecture within the concept phase that later has to
be reassessed.

It can be stated that requirements about the functional safety
of an item are a key part of the concept phase. The steps within
the HARA should also be well documented since ISO 26262
requires detailed traceability between all main steps of the
safety development (e.g. hazards, safety goals, requirements
and design decisions). Traceability is also important for a later
validation of the defined safety goals. The documentation is
of additional importance to the iterative design process, since
it can assure reusability of parts of the decisions made in
previous HARA phases after altering the item definition.

As ISO 26262 only addresses hazards caused by mal-
functions, the complete set of functional requirements might
actually consist of additional safety requirements that are not
part of the functional safety concept. Nevertheless, safety
requirements related to the implementation will most likely



be specified with the technical requirements later on.
The next proposed step within in the concept phase is

the revised description of functionality specified in functional
requirements. For this, safety requirements are combined with
other requirements derived from the current item definition.
Based on these requirements, additional human factors can
be incorporated, evaluating whether the currently consid-
ered functionalities and limitations can be designed user-
transparent. This can include a reassessment of the assump-
tions about controllability from the HARA phase. A final task
within the specification of a functional concept is the consider-
ation of marketing aspects, focusing on the characterization of
market chances and a potential target price. Any of these latter
steps of the concept phase can lead to an item refinement, if
any kind of conflict occurs.

C. System Design

If a functional concept is found at the end of the concept
phase that does not require any other refinement, the system
design can be conducted to create a technical solution concept.
The first step outlined is a specification of the functional sys-
tem architecture. For this, all specified functional requirements
have to be considered, as well as the preliminary assumptions
of the architecture within the concept phase, especially the
HARA stage.

Based on the architectural outline, a system analysis can be
performed to produce a technical safety concept based on the
safety goals defined earlier. This phase mainly addresses sys-
tem failures caused by hardware and software faults, usually
supported by analysis techniques like fault tree analysis (FTA)
and failure modes and effects analysis (FMEA). Potential
conflicts within the system analysis require the option of an
adaption of system architecture assumptions. Larger problems
in matters of technical feasibility will additionally require
an item refinement, triggering a new iteration to modify the
functional concept. An early consideration of technical safety
requirements in development processes is important to reflect
the significant impact on the outcome of the system design.

After a technical safety concept is found, the system design
can be specified, incorporating safety requirements and archi-
tectural decisions, as well as additional system requirements
like packaging. These requirements for software and hardware
design form a solution concept, which is realized within the
following domain-specific design phase. Design, implementa-
tion and integration of hardware and software can be seen as
individual development processes, not detailed at this point.

Subsequently, the results of domain-specific design pro-
cesses are integrated to an overall system. The integration
process is checked on the basis of the specified functional
concept and the technical requirements. Further verification is
carried out within the next phase of testing and validation,
which is the final phase of the development cycle. The task
of safety validation includes verification of functional and
technical safety requirements, but also describes the validation
of an overall functional safety independently of specified re-
quirements. Lastly, the functional validation allows contrasting

the functionality of the product of the development process
with the original ideas or use cases derived from customer
demand. Large discrepancies can already lead to another
iteration at this point.

D. Model Support

In order to support managing the complexity and het-
erogeneity of multi-domain design tasks the macro-cycle of
VDI 2206 distinctively displays the use of methods of model-
ing and model analysis trough all stages of development [8].
The work of Eigner et al. [9] can be used as an indicator
for the support individually required in different stages of the
reference development process. The work illustrates how early
design models and simulation models can support the different
stages of the cross-domain collaboration during system design
and integration.

Functional models are used to identify a suitable functional
solution in the early design phase. Hence, they describe
systems solely with respect to their desired functionality and
not to their technical implementation. That allows for later
consideration of various technical solution using the same
functional description. Thus, after the first iterations, the
functional model can be a stable element of the development
process.

In early iterations, the domain-specific design might even be
accomplished on the model level only. Thereby, the product
of such development cycles would be a detailed simulation
model that has been virtually tested, and no physical product
would be developed.

Fig. 3 shows the addition of modeling and simulation
support through the different stages. Early models can already
be used in the first tasks of the development process, e.g.
to simulate functionality and support the functional concept
identification. Though not mandated, safety analyses might
also be used during HARA to derive a complete set of
effective functional safety requirements [2]. Using system
models and advanced analysis techniques might be advanta-
geous when design specifications are still mostly unclear or
multiple approaches have to be analyzed and compared before
detailing the functional requirements [5]. Model support in
finding and defining malfunctions can ultimately lead to more
sophisticated safety goals.

However, using deductive techniques like fault trees might
require system architecture views that are usually not detailed
at this early stage of development. One approach is the
creation of preliminary fault trees for critical safety goals that
describe only basic functional dependencies (cf. STPA control
diagrams [4]). Those can be detailed and updated after details
of the technical implementation are specified. Thereby, the
same but extended fault tree can again be used while creating
a technical safety concept.

As described earlier, modeling and model analysis are
important components of the system design, realization, and
integration. Models will help identifying design challenges
early and deciding on required item refinements. In the stage
of system integration, Hardware-in-the-loop methods can be
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used to support the task. These allow for the analysis of a
combination of real and virtual components.

Finally, sophisticated simulation allow parts of the testing
and validation to be done virtually. Safety analysis techniques
might also be used for verification of safety requirements.

E. Discussion of Additional Changes

The main additions to the development model in contrast
to earlier versions, especially the adaption to the functional
safety standard, have been discussed earlier. Smaller changes
will be commented in this section.

In an earlier version, checking the technical feasibility of
a vague functional concept was a first step for specifying
functional requirements. Due to the fact of feasibility being
an aspect in multiple stages of development, this task is not
listed individually in the development cycle presented. Based
on individual experience, feasibility will be regarded by using
cross-domain expert knowledge to find a functional safety
concept and to specify the functional requirements. In a similar
manner, technical feasibility of agreed functional concept will
again be checked when specifying technical requirements
within the system design phase.

Furthermore, in contrast to prior process models, system de-
sign aspects characteristic for automotive systems, particularly
packaging, do not appear as individual tasks. They are now
described as additional requirements to be considered in the
specification of the system design.

IV. CONCLUSION

In order to integrate the early safety life cycle of ISO 26262
into a reference process for the early design phase of driver
assistance systems, a new design model is proposed in this
contribution. Multiple adaptions of the prior version of the
cycle model are implemented, while the original structure
of the model, compromising of an inner cycle and an outer

cycle, was preserved. The model arranges tasks of the concept
phase and system design of automotive systems to illustrate
dependencies. The individual steps are explained in detail
in their respective section. An additional layer signifies how
methods of modeling and model analysis can be used in
different stages of the development process.

In the future, the discussion of modeling support and
simulation in the early development process, can be continued
considering scenario-based approaches. Also, multiple exten-
sions of the proposed model are feasible. Additional layers
can include aspects not yet covered by the design model
(e.g. automotive security requirements in different stages of
development). Lastly, applications of the reference process in
industrial case studies will allow a qualitative evaluation of
the adaptions made.
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