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ABSTRACT

Vehicle concept development is a domain that has applied and detailed its process over decades. The
megatrends of the 21st century of “automation” and “sharing” influence the vehicle concept in such a
manner that this well-running process needs an update. The vehicle itself and the customer of the
vehicle are changing and therefore the components of the vehicle and the input variables of the user-
oriented design of the vehicle concept must be changed as well. We present a development process for
autonomous vehicle concepts to address these challenges. We are therefore analyzing the current
definition of a vehicle concept and its development process. Based on a literature review of a selection
of common design methodologies, we update this definition for autonomous vehicle concepts and
present a development process that presents design concepts of autonomous vehicle in a user need
oriented way. This includes the sharing of models since user needs could be fulfilled by more than one
vehicle concept. We believe that the presented process can be a starting point for vehicle concept
development of the 21st century.
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1 INTRODUCTION

Currently, several megatrends are changing our social cohabitation. These also affect mobility and
thus the automobile. In particular, the megatrends of sustainability, automation and sharing appear to
have a major impact on the automobile of the future.

The megatrends of automation and sharing are strongly linked to autonomous driving and mobility-as-
a-service offerings and require further research before their market introduction. Nowadays, only car
show prototypes exist that have been created by industrial designers for presentation purposes.
Systematic development of autonomous vehicle concepts (AVCs) under the influence of these
megatrends has not yet been carried out.

With this paper, we would like to show how AVCs can be designed systematically. Therefore, we
present a literature review of design methodologies and evaluate them based on identified
requirements to derive a development process for AVCs.

2 STATE OF THE ART

To explain the need for redesigning the vehicle concept development process (VCDP), we want to
show the traditional state of the art in the automotive industry. A definition of a conventional vehicle
concept is therefore given in the following sections. Based on this definition, the corresponding
automotive product development process and VCDP are explained. Additionally, we want to
summarize previous research on AVCs to define the research gap for this paper.

2.1 Vehicle Concept

The most common definition of the vehicle concept is given by Braess and Seiffert (2005, p. 140).
They define the vehicle concept as structural design of a product idea. This design includes the
composition or compilation of the essential parameters influencing the vehicle properties and
characteristics, main modules and hardware components. The vehicle concept is therefore a design
with selected and positioned hardware components such as the drivetrain, chassis and body.

2.2 Automotive Product Development Process

The automotive industry has created the automotive product development process over decades. The
classification of different phases and their naming vary among the automotive manufactures, but
basically it can be described by the four phases of “planning phase”, “definition phase”, “realization
phase” and “production phase” (Hahn, 2017, p. 17; Fuchs, 2014, p. 5) (Figure 1).

> Planning phase > Definition phase >  Realization phase >  Production phase >
Concept Decision é Design Decision é Start of Production é

Figure 1 Automotive Product Development Process, based on (Fuchs, 2014, p. 5;
Hahn, 2017, p. 17)

Over the past two decades, various improvements, e.g. concurrent engineering, have been made to these
phases to achieve manufactured vehicles faster, more economically, and with greater customer focus.
This is currently being continued, among other things, through research and initial implementation of
I0T in the process and in manufacturing (Prasad, 2020). The focus of this paper, the concept definition, is
the aim of the planning phase. Concept definition requires iteration loops for concept generation and
optimization. To ensure the target orientation and the efficiency, VCDPs were established by the car
manufacturers to structure this first phase of the automotive product development process.

2.3 Vehicle Concept Development Process

Researchers have dealt with the VCDP and its different aspects in various publications (Matz, 2015;
Wiedemann et al., 2012; Bhise, 2017; Hahn, 2017). In this paper, we are using the description of
Nicoletti et al. (2020a), which summarizes these publications (Figure 2).

This VCDP consists of four steps. In the first step, the customer-relevant properties of the vehicle
concept are determined. These customer-relevant properties are the customers' perception of the
vehicle (Weber, 2007). These values such as maximum velocity must be transferred into components
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that can fulfill the customer-relevant properties. Component sectioning and dimensioning is therefore
the second step of the VCDP. For acceleration, e.g. the motor is sized. To transition the vehicle
concept in the third step, all components must be packaged. The fourth step contains the comparison
of the characteristics of the vehicle concept and the initial customer-relevant property, which leads to
iteration loops since some vehicle characteristics such as the vehicle weight are a consequence from
the first three steps.

Customer-relevant (" Component Selection & ) Vehicle Concept Packaging
Properties Definition Dimensioning »
' o
4  H s )
)
( Comparison h

Figure 2 Vehicle Concept Development Process, based on (Nicoletti et al., 2020a)

2.4 Previous Research on Autonomous Vehicle Concepts

Current research on AVCs can be divided into two parts: First, research related to the AVCD, and
second, research on specific aspects of autonomous driving. There are only a few publications on
vehicle concept development (VCD), whereas there are many publications on specific aspects. The
state of the art of the first group is therefore presented in a complete manner, while only examples are
presented for the second group.

2.4.1 Research on Vehicle Concepts

Schockenhoff et al. (2020a) present a method to identify the customer-relevant properties for AVCs
and a resulting portfolio. They classify them into the three categories of similar properties, changed
properties and new properties compared to the portfolio of conventional vehicle concepts, which is
given by (Rudolph et al., 2011; Wiedemann et al., 2012; Ziemann, 2007). The new whole vehicle
properties they identify are Boarding, Quality of Secondary Activity, Updatability and Environmental
Communication.

Koenig et al. (2019) show the influence of auxiliary consumers on the AVC. Some components and
modified use cases increase the total energy demand of the vehicle, to which the AVC must be
adapted. For example, autonomous driving with sensors and increased computing power requires
additional energy. In addition, auxiliary consumption increases with use cases such as ridesharing,
since air conditioning becomes more energy intensive owing to the higher number of door openings.
Sethuraman et al. (2020) and Pathak et al. (2020) focus on the VCD of autonomous buses in Singapore.
They developed a method for the design of autonomous bus concepts that includes the requirements of a
mega city. Accordingly, costs, emissions and availability of the buses are key aspects. They present a
tool to automatically generate package models of autonomous buses for the given requirements.

2.4.2 Research on Specific Aspects of Autonomous Driving

There are various publications discussing specific aspects of autonomous driving such as driving
comfort, driving algorithm and the human machine interface (HMI). The following three examples
demonstrate how detailed research on subfunctions of an AVC can influence the VCD.

Schockenhoff et al. (2020b) deal with a new aspect of AVCs. Driving style is an important aspect to
fulfill user needs in autonomous driven vehicles. They therefore defined driving style as a four-
dimensional value compromising driving comfort, travel time, safety, and economic efficiency. In
their publication, they present a methodology to address the interdependencies of these dimensions in
driving maneuvers to evaluate the driven driving styles. Since driving style will be an important
customer-relevant property of an AVC, the dimensions of the driving style must be considered in the
property portfolio and the methods to test them should be part of the vehicle concept evaluation.

Koch et al. (2020) present an eco-driving algorithm to deal with the interdependence of the drivetrain
and the driven driving style. They show the energy saving potentials and the downsizing potentials due
to a co-optimization of multiple motors and gears. Their publication illustrates the room for improvement
in the AVCD by considering the interdependencies of hardware and software components of the vehicle
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modules such as the drivetrain. This interaction of hardware and software must be considered in the
AVCD.

Fank et al. (2019) address the HMI in semi-automated vehicles. These deal with the anthropomorphism
of these systems. In a first step, (Fank et al.) present an overview of existing HMI systems in current
vehicles and how these increasingly include features of anthropomorphism. In a second step, (Fank et
al.) introduce two possible systems for trucks. Although the publication only focuses on conditional
automated vehicles and trucks, the need to include the HMI in the AVCD is evident.

2.5 Research Gap

In summary, research on AVCs is an upcoming topic. Publications on AVCD already exist, but they
either only address one mobility solution or cover only smaller elements of a holistic process. There are
research findings on specific aspects of autonomous driving that need to be considered in the AVCD.
Since the vehicle concept definition of Braess and Seiffert (2005, p. 140) does not consider the
mentioned megatrends of automation and sharing that will influence future vehicles, a new definition
of an AVC is required to specify the aim of the VCDP. Thus, based on section 0. we want to provide
the following new definition for AVCs:

The concept of autonomous vehicles is the structural design of a product idea. In the future, this design
will include not only the hardware components, such as the drivetrain, the sensor set, the body, interior
design and the resulting main dimensions, but also software modules that describe initial requirements
and characteristics in the areas of driving functions and comfort functions. Functional characteristics
that describe the user experience in terms of entertainment are attributed to the fleet operating concept.
With this definition of AVCs and the development of user-oriented vehicle concepts for different
future mobility solutions, the following research question arises:

How must the conventional vehicle concept development process be enhanced to develop autonomous
vehicle concepts in a user-oriented way?

Since the whole process requires the elaboration of the individual process modules, they should be run
through automatically to deliver quick results and the results should be quantitative to enable
comparability. The following second research question is based on the first one:

What should the implementation of the individual process modules look like to be able to automatically
generate quantitative assessments of AVCs?

3 DESIGN METHODOLOGIES

To answer the first research question, a closer look at different design methodologies is required. The
most suitable theory for the stated question could be the basis to create the AVCD process.

Several design methodologies exist. We want to focus on the selection of the six methodologies
Design for X (e.g. Six Sigma), Munich Procedure Model, Axiomatic Design, V-model, Design
Thinking and Characteristics-Properties Modeling since these are common methods and have
meaningful approaches in regard to our research question.

3.1 Design for X (e.g. Six Sigma)

Design for X is a design approach to develop a product for a specific purpose. In this paper, Design for
Six Sigma (Figure 3) is chosen as example of Design for X. Design for Six Sigma was established in
the 1980s by Motorola (Smith, 2003). It is a design method to improve the quality of the product. The
five-step process “Define” - “Measure” - “Analyze” - “Design” - “Verify” was therefore developed
(Breyfogle, 2003, pp. 124-167).

In the “Define” stage, the issue must be specified. During the “Measure” step, all information about
the issue should be collected. The third stage analyses potential solutions which are implemented in
the “Design” stage. The final step “Verify” reviews the product to check the disposal of the issue.

> Define > Measure > Analyze > Design > Verify >

Figure 3: Design for Six Sigma, based on (Breyfogle, 2003, pp. 124-167)
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3.2 Munich Procedure Model

The Munich procedure model (Figure 4) according to Lindemann (2009, pp. 46-54) consists of seven
blocks that are based on the three main steps of “Clarify target/problem”, “Generate solution
alternatives” and “Make decisions”. It represents a procedure model that combines the advantages of
other procedure models. In particular, the abandonment from sequential procedures and allowance of
iterations is promoted by the fact that no path is specified in the model. It is therefore flexible and can
be adapted to the respective situation by the client without strict guidelines.

Target analyzing Determining characteristics
e QT e Searching for - O .
Targety - T cooosrarcang ror e e - Securing
planning™ e L alternative solutions - 0 T the target
Target structuring Making decisions

Figure 4 Munich Procedure Model, based on (Lindemann, 2009, p. 47)

3.3 Axiomatic Design

Suh et al. (1978) developed the Axiomatic Design method (Figure 5) in 1978. The four-step process
leads from the question “What adds value?” to the question “How it is made?”. In the first domain,
which the steps of Axiomatic Design are called, customer needs for the desired product are collected.
The second domain translates them into solution-neutral technically described functional
requirements. In the third domain, the physical design parameter that fulfill the functional
requirements are selected and dimensioned. The last domain defines the production process of the
product. (Suh, 2001)

Customer Needs Functional Requirements Design Parameters Process Variables
What adds value? What it does? What it looks like? How it is made?

Figure 5: Axiomatic Design, based on (Suh, 2001)

3.4 V-model

The V-model (Figure 6) invented by Boehm (1979) and standardized in VDI 2206 (\VDI, 2004) is a
common process to develop mechatronic systems. The product is specified on the left wing, and it is
tested on the right wing. At the bottom of the V, the product is implemented. The specification of the
product proceeds from the overall system to individual subsystems, while the testing starts with the
individual subsystems and ends with the overall system.

(__Requirements analysis | - | System testing )
( Module design . P Module testing ]
(__Detailed design  N&—2A Unit testing )
( Implementation ]

Figure 6: V-model, based on (VDI, 2004)

3.5 Design Thinking

Design Thinking (Figure 7) is a method that supports interdisciplinary creativity to develop products
that are oriented on user needs. The idea is to create iteratively improved prototypes as quickly as
possible and to test them in terms of meeting user needs. Therefore, the steps are empathize (with the
users), define (the problem), ideate (solutions), prototype (the product) and test (Plattner et al., 2011).

Prototype

Figure 7: Design Thinking, based on (Plattner et al., 2011)
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3.6 Property-Driven Development/Design

The Property-Driven Development/Design of Weber (2007) (Figure 8) is based on the differentiation
between the properties and characteristics of a product. The properties are the “product's behavior”,
which is the customer's view on the product and the characteristics are defined as the “structure and
shape of the product”, which is the engineer's point of view. To create products (synthesis) and to test
products (analysis), it is important to define relations between the properties, the and the dependencies
between the characteristics. Based on this modeling, products can be designed and tested.

C: Characteristics
EC: External Condition
. Properties
R: Relations between P & C

Depen-
dencies
e

Figure 8: Property-Driven Development/Design, based on (Weber, 2007)

3.7 Assessment of the Desigh Methodologies

To identify the methodologies which are possible backbones of the AVCD process, we compare the
presented methodologies with requirements that are derived from the research questions in Table 1.
Regarding this comparison, the framework of Axiomatic Design with the first three domains of user
needs, functional requirements and design parameter fits best with the AVCD. Thus, the idea of
Axiomatic Design is used for the process which we present in section 4.

Table 1 Comparison of the Design Methodologies

Conv. VCD Customer-/  Hardware &  Automated Quantitative

compatible  user-oriented Software process results

Design for X ™ o o e )
(e.g. Six Sigma)
Munich Procedure o d o O o
Model
Axiomatic Design o ° o o )
V- model o o [ o ®
Design Thinking ® ° [ o o
Property-Driven o ° o o )
Development/Design

® completely suitable o partly suitable O completely unsuitable

4 DEVELOPMENT OF AUTONOMOUS VEHICLE CONCEPTS

To present the designed framework for the AVCD, we first introduce our holistic process and detail its
steps.

4.1 Holistic Process

As described, a modified version of Axiomatic Design builds the backbone of our framework (Figure 9).
The wording is adapted to the common one in the automotive sector and new steps are added to consider
the mentioned megatrends. The three steps of customer-relevant properties, technical properties as well
as component selection and dimensioning are like the domains of Axiomatic Design.

Since the customer-relevant properties are related to one vehicle, but owing to the megatrend of
sharing one private AVC will not only cover the mobility needs of one person; the user-bound
mobility needs are queried as input of the holistic process in a preceding process step. These user-
bound mobility needs include mobility behavior, desired secondary activities during the ride and
character traits related to mobility. The customer-relevant properties define the input for one AVC and
maintain their role in the conventional VCDP. Only the portfolio will change, as mentioned in section
2.4. In summary, the term user refers to all the mobility needs of a person, while a customer relates to
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the vehicle whose passenger he or she is at that time or for that purpose. The technical properties are
derived from the customer-relevant properties and enable the selection and dimensioning of hardware
and software components. The AVC is designed by merging the hardware components into a package
plan and the software components into the software architecture. Since input of the process is a
mobility need, the output is a fleet of several AVCs to fulfill the mobility needs.

User-bound Customer- Technical Component Vehicle Vehicle
Mobility relevant Properties selection Concept Fleet
Needs Properties Iteration Loop Vehicle Concept

Customer-rel _l Hardware 1 |- Pack Plan 1 |~

P Techprop1 | { Avct
Prop1 Software 1| SWArch1 |

_rel Hardware M Pack Plan M

Customer-tel ol o0 propm K { AVCM

Prop M Software M |- SW Arch M |’

Iteration Loop Vehicle Fleet

Figure 9: Development Process of AVC

In the first step, N users declare their mobility needs. Each user is assigned a vector of his individual
needs. Since it is not possible to design a separate vehicle for each individual need of each user, M
AVCs are created, which are described by their customer-relevant properties. Thereby, M is smaller
than the sum of all individual needs resulting from N. From this process step onwards, each AVC can
be considered independently. From the customer-relevant properties of an AVC, the technical
properties are created. They are a technical and solution-neutral description of the AVC and define the
input for the component selection. To be able to develop AVCs defined in section 2.5, the software
components must be selected and dimensioned or specified in addition to the hardware components.
Up to this process step, the hardware and software components are not one quantity but the vector of
all individual components. To combine them, they are merged in the Vehicle Concept process step.
For the hardware, this is realized with a package plan and with the software via the software
architecture. Finally, the package plan and the software architecture define the AVC. The iteration
loop of the conventional VCD (section 2.3) can be performed for each individually generated AVC.
By merging the AVCs, a vehicle fleet is created to fulfill the initially defined user-bound mobility
needs in an optimized way. This vehicle fleet consists of the different AVCs but does not contain
information about the required numbers of each AVC. Therefore, a second iteration loop helps to
compare the designed vehicle fleet with the desired user needs. The following sections will deal with
the description of the process steps in more detail.

4.2 User Needs to Customer-relevant Properties

The derivation from customer-relevant properties of user-bound mobility needs has two aspects
(Figure 10). Firstly, the mentioned minimization of the number of required vehicles to satisfy user needs,
and secondly, the conversion of these needs into vehicle-related customer-relevant properties. Thus, we
propose a separation of these two tasks and implementation of the intermediate step called vehicle-bound
mobility provision, which presents the minimalized number of AVCs. In this case, the first step is an
optimization with the objective of a minimum number of AVCs at a given user fulfillment level which
denotes the desired satisfaction of users' needs. The second step must transform the vehicle-bound
mobility provision into customer-relevant properties. Both exist in a qualitative, partly not directly
measurable format. Hence, a multicriteria decision making method is required.

User-bound [ Vehicle-bound !
Mobility Needs Mobility Provision 1
1

1
1
| User 1 | Optimization : | Mob Provision 1
[}
|
| User M | O N | Mob Provision M

Customer-relevant
Properties
Customer-rel Prop 1 |

Customer-rel Prop M |

Figure 10: Development of Customer-relevant properties from User-bound Mobility Needs
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4.3 Customer-relevant Properties to Technical Properties

To get technical properties from customer-relevant properties, correlation functions are suggested in
the literature (Wiedemann et al., 2012; Deubel, 2007, p. 52). Thereby, the qualitative customer-
relevant property could be converted into quantitative technical properties. If a customer-relevant
property needs more than one technical property to get fulfilled, this can be achieved by weighting the
technical properties. The two possible correlation functions could be an accumulated Gaussian
distribution in a positive or a negative correlation. A positive correlation describes a distribution in
which a higher value of the customer-relevant property requires a higher value of the technical
property. A negative correlation requires a lower value of the technical property (Deubel, 2007, p. 52).

4.4 Technical Properties to Component Selection and Dimensioning

The selection and dimensioning of components is responsible for the fulfillment of technical
properties. Components can be hardware parts on the one hand and software functions on the other
hand. One or more of them are linked to a technical property. Linking components with a technical
property is complex and often cannot be achieved by means of a correlation. Instead, simulations are
used that model the behavior of components. Whenever possible, we use existing simulations or we
develop new simulation tools like a longitudinal dynamic simulation (Kénig et al., 2020).

Today's simulations are mostly aimed at the design of the hardware. Since the interdependencies of
software and hardware described in section 2.4.2 have to be considered, a new modelling of these
simulations is necessary. However, for a first rough assessment, a factor that emulates the contribution
of a software component to the fulfillment of a specific technical property could be integrated into
today's simulation models and thus provide a first approximation for the design of the components of
AVC.

4.5 Component Selection and Dimensioning to Vehicle Concept

After the selection and dimensioning of every component, they have to be combined into a vehicle
concept. The interaction between components can take place on different levels. Hardware
components interact with other hardware components, and thus changes in weight of one hardware
component can on the one hand cause secondary changes in the weight of other hardware components.
But since weight is often linked to the volume via the density, weight changes can also cause changes
in volume and thus in the dimensions of the complete vehicle (Nicoletti et al., 2020b).

In addition, software components interact with hardware components since e.g. they require
computing power on computers and software components interact with other software components for
this computing power.

We are therefore using simulation models that include all the component models above. Since a lot of
interactions between components and the AVC result in high complexity of the system, we use
optimization algorithms to find optimal solutions.

4.6 Exemplary Use Case

The following use case is not a result of a simulation. It should only illustrate how our framework works:
A family of four has different mobility needs. Father, mother and the two children want to work, relax
or sleep in the vehicle. They also differ significantly in their willingness to use mobility-as-a-service
solutions and their willingness to invest. The provided vehicles should therefore vary in the possible
secondary activities and the fulfillment of the personal characters. The optimization in the first step
could lead to 5 vehicles for the family.

One of these is a taxi, especially designed for the secondary activity sleeping. Accordingly, this
vehicle concept has in the customer-relevant properties a comfortable driving style, a very comfortable
vertical dynamics, a very high seating comfort etc. Those are converted for the technical properties
into values for maximal jerk of the driving style, maximal body accelerations and maximal backrest
angle. The hardware components wheel suspension and seat as well as the software components
driving style can be designed using these values, among other values. A package plan is created by
combining all hardware components. The package plan and the software components merged in the
software architecture result in the vehicle concept, that is designed for the secondary activity of
sleeping. It may be rather long, wide and flat in its outer dimensions and may offer less entertainment
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than a vehicle concept for relaxing. With the process being completed for the other 4 vehicles, the fleet
that covers the mobility needs of this family would be created.
This short example shows how our presented framework to develop AVC works. An automotive
manufacture, that want to build these vehicle concepts, or a car sharing company, that want to buy
them to provide mobility solutions, would run this process with the needs of all their possible
customers to develop the whole fleet they want to sell or buy.

5 DISCUSSION AND OUTLOOK

We believe that ours is the first publication focusing on the systematic design of AVCs. Our presented
AVCD process is still close enough to the conventional one to be able to continue using proven
methods and not to have to start from scratch. The development of a single AVC is similar in
hardware design to a conventional vehicle concept, whereas software influences on the hardware and
other new conditions, such as the elimination of the driver's workplace, must be considered.
Accordingly, the focus on user needs and the corresponding process steps is completely new and the
design of the further steps has changed significantly.

It is possible that potentials that arise in the development of cyber-physical systems are not addressed
by using parts of the conventional VCDP. But in the development of a novel AVC, the integration of
existing processes seems reasonable. Nevertheless, we believe that our approach enables the AVCD
without comparable predecessor vehicles and thus initiates research on the AVCD process.

In conclusion, we present a definition of an AVC and we derive a methodology to develop them
systematically. We use the conventional VCDP as a basis and modify it to consider the megatrends of
automation and sharing of the 21st century. For this purpose, we compared existing design
methodologies. Based on this comparison, we selected Axiomatic Design as the backbone of our
method, which consists of the six main steps of “user-bound Mobility Needs”, “Customer-relevant
Properties”, “Technical Properties”, “Component Selection”, “Vehicle Concept” and “Fleet Concept”.
The exemplary use case we have used to illustrate the process is not sufficient to validate its
functionality. This paper only presents its theoretical derivation, which is essential for a systematic
approach to the development of novel product concepts such as AVCs.

Therefore, our future research will address the detailing and implementation of every step of this process.
We want to make concrete suggestions for the implementation of the individual process steps in addition
to this holistic process. With this fully simulated process, we can prove its functionality and confirm the
described strengths in the development of AVCs. Finally, we will develop AVCs based on the presented
process.

In a later industrial applications, this will enable automotive manufacturers to address the challenges
of the 21st century described above and plan their future vehicle fleets in a user need oriented manner.
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