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Abstract: Pressure to increase effectiveness and efficiency drives the product development process.
The software industry has been using agile development approaches due to their advantages when
coping with uncertainties and simultaneously increasing value. Therefore, the following work deals
with the considerations of agile powertrain development. In order to identify important conditions
for the incorporation of agile principles into powertrain development, semistructured interviews
were conducted with experts from an engineering company. Having identified agile development
challenges, advantages, and principles, the next step is comparing agile principles with the current
principles of conventional powertrain development. Furthermore, a basic understanding of the
powertrain development process regarding the incorporation of agile principles is established, the
main attributes of powertrain development are investigated, and the key disciplines involved are
identified. Finally, a model is created to assess whether the application of an agile or conventional
development approach is more suitable.

Keywords: product development process; agile powertrain development; incorporation of agile principles

1. Introduction

The world as we know it is affected by political, economic, social, technological, and
environmental trends. The United States War College first used the acronym “VUCA” in
1987 to describe the volatility, uncertainty, complexity, and ambiguity associated with these
trends. Staying competitive in such an environment requires appropriate anticipation,
understanding, preparation of strategies, and implementation of effective management
interventions [1]. The effects caused by VUCA are a faster-paced, more competitive, and
global, but less predictable world [2], or, in other words, a more chaotic world [3]. As a
result, industrial companies are facing numerous challenges such as shortened product life
cycles, increased product variants, faster-changing customer requirements, and more [4].
In particular, powertrain systems will not be spared from the uncertainties caused by
new technologies for propulsion and storage systems. Schuh et al. (2017) stated that
“classic” so-called plan-driven development processes, which are still primarily used in
powertrain development, are too rigid to react sufficiently to the new dynamic environ-
ments as they are unable to adapt to changes in the market. Thus, there is a need to make
the development process more flexible to respond to these dynamics. One possibility is
the incorporation of agile development principles from the software industry. Through
short cyclical development loops, results are continuously evaluated and sudden changes
can be detected more easily and earlier to avoid costly corrections. Unfortunately, the
development of mechatronic systems, which includes powertrain systems, leads to restric-
tions on the adoption of such approaches: long tool lead times, extensive efforts to plan
and implement tests, high organizational complexity with given hierarchical levels, the
breaking of human habits, etc. [5]. Nevertheless, Zuzek et al. (2020) claimed that several
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companies from different industries outside the software sector have already adopted
agile principles for their product development approaches despite those restrictions. The
authors demonstrated that only implementing separate principles at an SME allows for
achieving significant benefits: improved communication, faster detection of discrepancies,
more effective problem-solving, and greater flexibility [6]. Volkswagen, for example, is
certainly committed to agile working methods as more people in the company are using
related principles. In this respect, Volkswagen emphasizes the core component as being
“independently organized teams” that handle project phases, while managers concentrate
on defining goals and prioritizing requirements [7]. Hence, more and more attention is
being paid to agile development approaches in the automotive sector. However, it is not yet
clear whether agile approaches can bring about benefits in the development of powertrain
systems and what considerations are required to make them a success.

Based on this problem statement, the relevant research questions were formulated
as follows:

e  Which powertrain development considerations are important for the incorporation of
agile principles?

e  How can the incorporation of agile development into an existing powertrain develop-
ment process be supported?

In order to support the practical application of agile principles in the powertrain
development process, a close cooperation with an industry partner in the relevant busi-
ness sector was built on the basis of a single case study. Besides an extensive literature
review, semistructured interviews were conducted with relevant engineers and decision
makers for data collection in a qualitative manner. As an agile approach has already been
implemented in one division of this company (the subsequently named division Alpha),
the challenges, advantages, and principles of agile product development have been identi-
fied. This is supplemented by the agile considerations, attributes, and disciplines in the
powertrain development division (subsequently named division Beta). The gathered data
are structured and we analyze the results to come to conclusions on the considerations
for agile powertrain development. Subsequently, the development principles in the two
divisions Alpha and Beta are compared. In the final step, a procedural model is formulated
as support for the incorporation of agile principles in powertrain development.

2. Related Work
2.1. Conventional Product Development Approaches in the Automotive Industry

It is important to mention that the term “conventional” in this paper refers to all
product development approaches that are not seen as “agile” in the literature. According to
Liihrig (2006), the activity of product development can be described as follows: “Product
development is the targeted transformation of an idea into a combination of goods or
services for commercial purposes, carried out by one or more persons (organization).
This requires that the idea to be transformed is technically feasible and that there are
sufficient marketing opportunities for the product to be developed” [8]. First, there is
always a predevelopment or product planning phase that serves as the starting point.
Within this period, ideas (for products, process, or innovation) are compared with the
corporate strategy and other important strategies—for instance, regarding the product
range. Furthermore, market analyses are carried out and general conditions such as time-
to-market or quantities are determined. Subsequently, the project enters the definition
phase, which can be divided into the target and concept definition. Here, content from
strategic product planning is translated into requirements for the entire vehicle. The
target definition includes the setting of deadlines and development milestones. On the
other hand, the concept definition concludes with the so-called specification sheet, which
contains all requirements regarding the functions, quality, features, and general conditions
of the vehicle [8,9]. In the product development phase, both concept development and
series development take place. First, the requirements from the specification sheet are
translated into technical solutions, ranging from the vehicle level down to the component
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level. Solutions that sufficiently fulfil their related requirements are evaluated against
the technical and economic criteria before their actual implementation. In the concept
phase, the first drawings or CAD designs are created, which are then transferred to the
series development. When an overall vehicle concept is defined at the end of the concept
development phase, a so-called “design freeze” occurs and the systematic integration of
the components can be transferred to the vehicle. Series development characterizes the
transition phase to production. The detailed process and product description are at the
end of the series development, after which the integration of the components is further
coordinated. While in the preseries phase only series production conditions are tested, the
SOP (Start of Production) launches the series production [8]. A general illustration of these
phases can be seen in Figure 1.
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Figure 1. General product development process in the automotive industry (adapted from [8,9]).

2.1.1. VDI 2221

VDI 2221, also known as methodology for the development and design of technical
systems and products, provides targeted methodical instructions and defines work steps
and desired results. It refers especially to the discipline of mechanical engineering and
provides an overview of methods that can be applied in various development projects. The
methodology is divided into seven main steps (depending on the development task, these
steps can be run several times iteratively), from which seven results are generated. The
steps and related results are described as follows [10]:

e Step 1—Clarification and definition of the problem: Step one is the complete clarifi-
cation of the customer’s requirements or internal requirements. This also includes
defining the problem from the constructor’s perspective. The result of the first step is
the requirements list.

e  Step 2—The determination of functions and their structure: First, the main function
that the product needs to fulfil is determined; then, subfunctions are defined. By
structuring and combining these functions, one obtains the result of the work step as
a function structure.

e  Step 3—Search for solution principles and their structure: In step three, solutions are
sought for all defined functions and implemented through effects. The result of this
step is the principal solution, such as a schematic layout.
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e  Step 4—Division into realizable modules: Fourth, modules are created to make the
principal solution feasible. Individual solution systems and subsystems as well as
interfaces between the modules are already defined.

o  Step 5—Design of the most important modules: Here, a concrete dimensioning of
the most important modules takes place as far as the state of knowledge allows. The
results of this step are preliminary designs, general layouts, or preliminary drafts such
as rough-scale drawings.

e  Step 6—Design of the entire product: In this step, final shapes or detailed designs
are created by further refining the preliminary designs with details and adding the
modules that have not yet been completed. The result is the overall design with scale
drawings, parts lists, and so on.

e  Step 7—Compilation of design and utility data: This is where decisions are made about
the manufacturing and application of the product, as well as the usage specifications
of the product. The result is the consolidation of all data, such as CAD drawings for
product documentation.

2.1.2. Cooper’s Stage Gate

Cooper’s Stage-Gate process has been the basis of several project management and
product development models since the 1980s in all kinds of business and industry sec-
tors [11]. Generally, those Stage-Gate models are seen as plan-based approaches, as Cooper
himself states that proper planning beforehand can help a company to develop a new
product more efficiently. The process itself consists of 4-7 stages and gates. With each
stage, the available information becomes clearer and the risk can be minimized, whereas
each step is more expensive than the previous one. Before a stage can be entered, going
through a so-called gate, which can be seen as a quality control checkpoint, is necessary. A
gate is always characterized by distinctive deliverables that allow for going in, and certain
criteria that need to be fulfilled for going out of it. Therefore, decisions like “Go,” “Kill,”
“Hold,” or “Recycle” need to be done by a so-called gatekeeper. Cooper states that the
more work that is done in advance (or upfront), the fewer changes will be seen as necessary
in hindsight [12]. The advantages of stage-gate processes are faster development, fewer
errors, better decisions, and a higher focus on the essential tasks.

2.1.3. V Model

The VDI 2206 defines a standardized guideline for the development of mechatronic
systems. Those mechatronic systems require interdisciplinary collaboration and cross-
domain communication of the disciplines of mechanical engineering, electrical engineering,
and information technology. The guideline’s intention is to serve as a supplement for the
VDI 2221, which is more focused on methodological design and development. The main
objective of VDI 2206 is to provide procedures, methods, and tools for the early devel-
opment phase, with a focus on system design, to provide an assured concept in the end.
The resulting solutions are always verified and validated. However, the validation can be
carried out with varying degrees of accuracy based on virtual or physical prototypes. VDI
2206 is assumed as a flexible procedural model that is based on three main elements [13]:

e  Micro-level: general problem-solving cycle;
e  Macro-level: V-Model;
e  Predefined process steps for conduction of recurrent development steps.

2.2. Agile Product Development Approach

From a historical perspective, product development has always been dominated by
the mechanical domain, whereas additional domains such as electrical engineering were
added later [13]. Today, companies are confronted with a lot more external pressure and
internal complexity, which results in the need to act fast and be more flexible in prod-
uct development. Due to the pace of change, conventional approaches where business
departments or R&D departments develop products only on the basis of defined spec-
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ification sheets are no longer feasible for generic product development [11]. Shrinking
product lifecycles—while the Golf I was built and sold for nine years in Germany, this
shrank to five years for the Golf V—more intense competition, saturated markets, and
increasing globalization force companies to be more innovative in order to stay competitive.
In particular, big companies see themselves as more and more in danger due to radical
innovation [5]. As agile methods promise rapid value and responsiveness to change [14],
agility in product development is seen as beneficial and essential [11]. Combining agile
and stage-gate principles is often referred to as a hybrid process. Results from already
successful implementations at high technology-based companies indicate positive impacts
on the project and product performance through balancing stability with flexibility [15].

The term “agility” is not unambiguously defined in the literature. Conforto et al.
(2016) emphasized the problem of a missing common definition of the term “agility” in
project management such that different understandings result in various interpretations.
Having conducted a study examining the related literature, they defined agility in project
management as “the project team’s ability to quickly change the project plan as a response
to customer or stakeholders needs, market or technology demands in order to achieve better
project and product performance in an innovative and dynamic project environment” [16].
Ramsauer et al. (2017) define agility for manufacturing companies in a similar way, as
“the capability of a production company to proactively prepare for uncertainties and
to react quickly to changes in order to optimize the economic situation of a company,
by using the entire value chain” [4]. A further definition from Schuh (2019) of agile
product development is “a procedure in which development scopes are worked on by self-
organized and interdisciplinary teams in iterations, while incorporating agile principles.
The overriding goal is to improve the fulfilment of customer needs while reducing the
development time simultaneously” [17]. For the purposes of this paper, agility in product
development refers to agility as a capability of either a company [4] or a project team [15,16].

In the context of product development, agile methods were first used in software
projects [11]. Kantelberg (2018) notes that shorter development times resulted in a need
to also shorten software development. At the same time, the complexity of software
projects increased drastically, making it difficult to use conventional methods. With this
background, agile development methods emerged in the software industry [18]. Before that,
Takeuchi and Nonaka (1986) had noted the importance of agile characteristics such as built-
in instability, self-organized teams, overlapping development phases, multilearning, subtle
control, or organizational transfer of learning, and used the term “Scrum” for them [19].
Cooper and Sommer (2016) state that there are at least 26 different agile approaches,
and Scrum is the most popular framework for product development [11]. Klein (2016)
summarizes the key approaches as follows [20]:

e  Dynamic Systems Development: framework for the application of a prototypical
procedural model for the rapid development of applications under consideration of
defined principles.

e  Scrum: Widely used framework in the software industry for project management and
system development.

e Feature-Driven Development: A given process sequence with five phases and best
practices iterative software development.

e Crystal: An application specific selection and adaption of a process model based on
criteria of project criticality and team size.

e  Extreme Programming: A synthesis of ideas and approaches from existing methods
for development and planning activities for software.

e Adaptive Software Development: Adaptive life cycle for software development in-
cluding development philosophy for change management.

e  Agile Modeling: Values, principles, and methods for efficient modeling in combination
with agile process models.

e Lean Software Development: Describes a transfer of the lean philosophy from the
Toyota production system and IT into seven principles for software development.
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e Agile Unified Process: Hybrid modeling approach of the Rational Unified Process
with agile software development.

e  Usability Driven Development: Iterative driven development process with a focus on
the usability of the system.

e Kanban: Software development in consideration of throughput times, bottlenecks,
etc., comparable to the method of the same name for lean production.

In practice, a clear differentiation between plan-driven and agile project management
approaches can hardly be found. Cobb (2011) noted that there are many good reasons to
select a plan-driven method for certain projects, depending on the risk and complexity.
However, there are ways to incorporate agile principles into plan-driven approaches to
make them more agile, and the possibility of applying plan-driven principles to agile
approaches to achieve a higher level of predictability and control [21]. Boehm and Turner
(2004) differentiate between agile and plan-driven principles in software projects. They
show the “home grounds” of those approaches and define the criteria for success in a
business environment. Additionally, they refer to an increasing risk of failure the more
a particular project’s conditions differ from the home-ground conditions of the applied
approach [14]. An extensive literature review was performed to define the characteristics
for conventional and agile product development. A list of the most relevant characteristics
is provided in Table 1, where criteria 1-4 are related to the project, 5-10 are related to the
product, 11-13 are related to the environment, 14-15 are related to the customer, and 16-18
are related to the team.

Table 1. Characteristics of conventional and agile development approaches.

No.  Criteria Conventional Agile Source
Predictability; stability; high Rapid value; responding to
1 Project goal assurance; clear change; not clear [14,22-24]
Management of complicatedness =~ Management of complexity
2 Solution Clear Not clear [22-25]
3 Goal on design Optimization Adapthn; flexibility and [26,27]
responsiveness
4 P'ro]ect (and pr.oduct) Large products; bigger projects ~ Small products; smaller projects [3,14,20,25,28-31]
size and duration (years) (months)
Foreseeable evolution
requirements; stable Unforeseen change; change often
5 Product requirements requirements an.d specifications; du.rm.g project; unclear [3,11,14,20,24,28-31]
clear initial requirements Priority and number of
Priority and number of requirements is volatile
requirements stays the same
s Established in detail upfront Partly established upfront
6 Product Definition (>90%) (40-70%) [2,29]
Low product newness; new item High product newness:
7 Product Type in a product line; modification or . s pr . C [2,3,31]
. . innovation; higher risk-initiative
improvement; renovation
Some technical risks; newer
8 Technology Well k.nown technology; mature; technology but largely existing; [2,29]
clear; in house
may be new to company
9 Testing Documented test plans and Executable test cases define [14]

procedures

requirements
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Table 1. Cont.

No. Criteria

Conventional

Agile

Source

10 Criticality

Extreme; Highly safety critical
products; system failure
consequences serious

Low; Non safety critical
products; less critical systems

[3,11,14,25-31]

Turbulent, high change; difficult

11 Environment Stable; low change; predictable . [3,14,24-27,29-31]
to predict
Mature and well-known market; Existing and rapldly. growing
Market and . . market; large potential to grow;
. few market uncertainties or risks; L.
12 Competition + Market . many market uncertainties and [2,29]
. large and defined; red ocean; Lo )
Size . risks; blue ocean; some early
many capable competitors .
competitors
Collaboration and Low: business involvement only =~ Continuous face-to-face business
13 at start and end of project; involvement; informal [3,21,26,29]

Communication

formal communication

communication

14 Customer relation and

As-needed customer
interactions; customer

Dedicated on site-customer
interactions; customer

[3,14,20,24,27,29,31,32]

availability involvement at the beginning involvement through whole
and end process
Some known, some
. unarticulated Many unsolved
15 Customer Needs Well known and stable over time [2,20,24]
customer problems and
unresolved needs
16 Team size Small teams Large teams [14,20,25,28-30]
Senior (experienced); more
17 Team Experience Junior level; specialized; — — experienced; good [3,11,14,25,29-31]
minimum communication skills  communication skills;
interdisciplinary;
Team Members Tigilcsecr::celi:rzﬂt??:;}zle Team members dedicated to
18 Dedication and proj ¥ project; collocated and smaller [2,3,28,30-32]

Continuity

accentuated; fluctuation

L. t
expected; distributed teams cams

3. Considerations for Agile Powertrain Development
3.1. Research Approach

In order to support methodological fit, the relationship between the approach and
the maturity of existing knowledge must be taken into account [33]. Arguing that the
knowledge on agile powertrain development is rather nascent and intermediate, Ahlstrom
(2016) states that the appropriate research approaches are case study, longitudinal field
study, actions research, and clinical research [34]. Comparing the main characteristics of
these approaches, a case study is preferable as the problem identified by the researcher
is to be explored in reality [35]. In the next step, a single case design was chosen due to
the uniqueness of the case [36] as well as the opportunity for a greater depth of observa-
tion [35]. The single case is represented by one engineering company in the automotive
industry. This company is organized into several divisions, which differ not only in their
business focus but also in their product development approach. For this study, two di-
visions, Alpha and Beta, were investigated. While Alpha deals with the development of
electronic products for mass production based on an agile approach, Beta focuses on the
development of powertrain systems through conventional methods. Investigating these
two departments enabled us to compare agile and conventional development principles
in a practical environment. This serves as a basis to support the incorporation of agile
principles in the hardware-driven conventional powertrain development. Therefore, the
challenges, advantages, and principles of agile product development were identified in
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Alpha. This was supplemented by the agile considerations, attributes, and disciplines of
powertrain development in Beta. An overview of this research approach is illustrated in
Figure 2.

Product Portfolio

Powertrain Business
Engineering i Focus

Daily .
: Powertrain Development
Sprint Agile Traditional R Des;?::;ten .
SCRUM Approach Approach Approach
y
Advantages Agile Considerations Desired
Challenges Attributes Outputs

Principles Disciplines

Figure 2. Overview of research approach.

3.2. Alpha Division: Fundamentals of Agile Product Development

Alpha’s business focus is not linked to powertrain development. Referring to the
time when the interviews were conducted, an agile development approach based on the
concept of Scrum was introduced in specific sections three years ago. However, a rather
conventional process that defines certain phases, stages, and their deliverables is still the
foundation of any product’s development. As the basis of the agile development approach,
this process defines—in the background—what needs to be done and documented at what
time. In order to identify the advantages, challenges, and principles of agile product
development, interviews with two project managers, one team leader for purchasing,
one agile coach, and two scrum master of division Alpha were conducted, each with an
approximate duration of one hour. While Table 2 presents a summary of the identified
challenges, advantages, and principles, a more detailed description of them can be found
in the following paragraphs.

3.2.1. Challenges

(1) As humans generally tend to reject change, considering the “human factor” is
important for the successful incorporation of agile development principles. Due to the
small number of team members, it is essential that all team members show full dedication.
(2) Since the agile development method requires many meetings (e.g., daily stand-up, sprint
review, sprint review, etc.), there is a lack of understanding of their needs, especially when
the involvement of everyone is not always required. (3) When using the agile development
method, it is essential to enforce strong contact and coordination of the customers and the
suppliers. However, the practical realization of the information exchange is more difficult.
(4) It is necessary to achieve a change in the mindset of the whole organization as this is one
of the biggest enablers of the implementation of agile principles. (5) The identification of the
required disciplines for a development project is essential for a proper team constellation.
While coordination meetings are necessary for integration purposes, short intervals might
be perceived as waste, large intervals could cause only “big” problems to be discussed and
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“small” problems to be largely neglected. (6) When an existing development process is used
in the background, the successful incorporation of agile principles requires the definition
of similarities and connections to it, with phases merging into one another. (7) Particular
attention must be paid to the whole environment as the introduction of agile approaches
goes beyond a development team. There needs to be certainty that the information flow is
sufficient over the whole supply chain. (8) It is often not clear who should be a member
of the core agile team and who should attend what additional meetings. (9) Since rapid
prototyping is a promising way to quickly transform concepts and ideas into physical

products, it should be used more often.

Table 2. Challenges, advantages, and principles of agile product development.

No. Challenges Advantages Principles
Coping with incomplete and .Intern.al ?xc.hange through .
1 Human factor L . interdisciplinary core teams and daily
missing customer requirements .
meetings
Many meetings with a lot of External exchange through Product
2 Creates transparency
stakeholders Manager
. Enforced communication and Frequent delivery through short iterative
3 Customer and supplier Involvement .
feedback development in numerous cycles
4 Integr.atlo.n in company partner’s line One-Person Development” is Self-organized teams
organization prevented
Identification and integration of all Individual team responsibility for Balance and con.trolz agile c!evelopment
5 . .. methodology with underlying
involved departments decisions
development process
6 Integration with existing Urge to deliver something worth ~ Open-minded management support and
development process showing after a sprint commitment
Managing intersections of C
7
stakeholders and departments Voluntary participation
8 Team constellation

Rapid prototyping implementation

3.2.2. Advantages

(1) Agile development helps with coping with changing and missing customer require-
ments. (2) Furthermore, it has turned out that the biggest advantage of agile development
is not delivering the product earlier, but generating transparency. (3) Communication is
strengthened by the numerous coordination meetings so that it is always clear who is
currently doing what and who has completed which task. The increased feedback enables
continuous process and product improvement. (4) By working in shorter development
cycles, errors are detected earlier and faster. In the conventional development process,
little coordination between the major milestones could cause certain developers to work
in the wrong direction for a longer time. (5) It was always emphasized that teams have
more decision-making autonomy but also responsibility, which enables them to make
decisions faster and more consciously. (6) Since Scrum works with short cyclical sprints
and an increment must be delivered after each sprint, the developers are required to create
something to show from the beginning.

3.2.3. Principles

(1) It was recognized that a key way to promote internal communication is the forma-
tion of interdisciplinary core development teams. These teams meet daily to coordinate the
work tasks according to the Scrum framework. (2) In addition to the internal exchange,
information exchange with suppliers and customers through the product manager is es-
sential. (3) After each sprint, a “presentable” result is to be submitted, which then flows
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into the next development phase through generated learnings. The goal is to quickly get
to the hardware development in an early stage by a forced need of solutions. (4) In the
interviews, the self-organization and personal responsibility of the teams were always
confirmed and emphasized. This means that project decisions have always been made
by the group and not individuals, whereas decisions always have to be justified and the
groups must take responsibility. (5) Another important principle is the balance of the agile
and the underlying conventional development process. While the conventional process
provides information on what has to be done and when, the agile framework directs the
focus and method. (6) An open-minded organizational culture and commitment are some-
times named as the greatest enablers. This includes the provision of coaching opportunities
as support. (7) Allowing every employee to volunteer for pilot projects strengthens mo-
tivation and does not impose a new development framework on any employee. In this
context, challenge number one, the “human factor,” should be mentioned.

3.3. Beta Division: Fundamentals of Agile Powertrain Development

Beta’s main task is the development of automotive powertrain systems, whereas each
project represents an individual and independent development service. Therefore, there is
a substantial difference to Alpha division, as the development process itself is the product
Beta offers. Apparently, Beta has not implemented any agile development principles and a
conventional development process has been used for many years. In order to investigate
the agile considerations, attributes and disciplines of powertrain development, semistruc-
tured interviews with one expert for design and quality, one development engineer, one
systems engineer, one project manager, one powertrain integration engineer, one com-
ponent engineer, and two project planners were conducted, each with an approximate
duration of one hour.

3.3.1. Basics for Agile Powertrain Development

Considering agile powertrain development in Beta division, a critical challenge is the
integration into the existing conventional process. The main benefit of agile powertrain
development is not a shortened time-to-market, but rather improved fulfillment of customer
needs as the SOP upon which the entire development strategy is set up will remain
unchanged. As the existing development process only prescribes what has to be delivered
and when, it represents a potential basis for agile development, focusing on the how.
Therefore, the defined quality gates could remain in place, ensuring a controlled progress.
In general, it is recognized that certain principles that can be described as agile are already
in use but simply not labeled as such. First, feedback is requested from the customer after
each milestone, even though this still occurs in larger intervals. Simultaneous engineers
hold weekly meetings, whereas the customer and suppliers are involved occasionally. Small
core teams, decoupled from the actual development process used for specific problems
that suddenly arise, are similar to the teams employed in agile approaches. Here, these
teams work over a short period of time in a highly iterative manner, with three to four
development loops per week, using techniques such as rapid prototyping to solve specific
problems. One of the current challenges in powertrain development is the coordination
between software and hardware, since these are often out of synchronization. In general,
agile development principles should not only focus on hardware but on an overall system
combining both software and hardware. Rapid prototyping can only be used for the first
generation of prototypes due to the fact that further generations require the use of serial
tools. As hardware prototyping is, in general, extremely expensive and time-consuming,
the aim is to perform as much of the front-loading work as possible through simulations.
However, specific tests need to be done with hardware. While it is possible to enter
the market with semifinished software, no compromises can be made when hardware is
involved, especially due to safety aspects.
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3.3.2. Attributes of Powertrain Development

In the next step, attributes that influence the development of powertrain systems are
identified and presented in Table 3. These attributes derive from several factors such as:

The vehicle targets that are given by the OEM.
The development framework that is used by the customer, as the powertrain develop-
ment process needs to be closely linked to the vehicle development process.

e  The setting of system borders and the considerations of the division of responsibilities
between the OEM, the client, suppliers, and all other stakeholders.
The OEM’s profile: e.g., the geographical origin.
Interfaces to the vehicle.

Table 3. Attributes of powertrain development.

Z
e

Attribute

Vehicle Development (new, upgrade, derivate)

Powertrain Topology (ICE, battery, fuel cell, gearbox, etc.)

Degree of Maturity Entry (from scratch, after feasibility phase, into development phase)

Functional Requirements (weight, lifetime, power, consumption, etc.)

Legislative Requirements (emission standards, safety, etc.)

Generation/ Sample Quantity (2-6)

Hardware Test Quantity

Excluded Systems/Components

O | X (I ||| = | WD~

Testing (Virtual vs. Real)
Timeframe (24-48 months)

=
o

The first attribute is the vehicle development itself. It can either be a new vehicle,
an upgrade or a derivate. Secondly, there is the powertrain topology, which can include
different elements such as the ICE, the e-drive, a battery or gearbox, etc. Next, the degree
of maturity where the project is entered can either be from scratch, after the feasibility
phase, or right into the development phase. Furthermore, attributes that significantly
influence the powertrain development are functional and legislative requirements, derived,
for instance, from the vehicle targets and the customer profile. Moreover, attributes include
the number of generations to be built, the hardware test quantity, systems and components
that are excluded from the development, the choice between virtual and real testing, and
the timeframe of the powertrain development.

3.3.3. Disciplines Involved in Powertrain Development

Identifying the disciplines required for the powertrain development is essential as
interdisciplinary coordination is a challenge in agile approaches. An important role is
played by project managers, who are responsible for communication with the customer,
the understanding of customers’ needs, and the development processes. Moreover, system
engineers are mainly responsible for breaking down the requirements. The identified main
disciplines for powertrain development are:

Design;

Service (Testing);

Systems Engineering;

Electric and Electronics Engineering;
Mechanical Engineering;

Functional Safety;

Production;

Software;
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e  Purchasing;
e Homologation.

“Simulation” as its own discipline was not taken into account as basically all depart-
ments have to carry out their own simulations.

3.4. Comparison of Development Principles in Alpha and Beta

As mentioned before, powertrain development characteristics identified in Beta par-
tially correspond to agile principles. In order to understand this connection better, the
fulfillment of the seven agile principles in Alpha was qualitatively assessed for Beta. This
assessment was performed by the authors based on their insights built through the con-
ducted interviews. Furthermore, the connections between these principles and the 12 agile
manifesto principles were also defined by the authors. Figure 3 illustrates an overview of

Vi

=

the results, and a detailed description can be found in the following paragraph.

Agile Manifesto Principles

Our highest priority is to satisfy the customer through early and
continuous delivery of valuable software.

Internal exchange through
interdisciplinary core teams and
daily meetings

Welcome changing requirements, even late in development.
Agile processes harness change for the customer's competitive
advantage.

Deliver working software frequently, from a couple of weeks to a
couple of months, with a preference to the shorter timescale.

External exchange through product
manager

Business people and developers must work together daily
throughout the project.

Frequent delivery through short

Build projects around motivated individuals. Give them the
environment and support they need, and trust them to get the
job done

iterative development in numerous
cycles

The most efficient and effective method of conveying information
to and within a development team is face-to-face conversation.

Self-organized teams

Working software is the primary measure of progress.

Agile processes promote sustainable development. The
sponsors, developers, and users should be able to maintaina
constant pace indefinitely.

Agile development methodology
with underlying development

Continuous attention to technical excellence and good design
enhances agility.

process: Balance Agility and Control

Simplicity-the art of maximizing the amount of work not done-is
essential.

Voluntary participation

The best architectures, requirements, and designs emerge from
self-organizing teams.

At regular intervals, the team reflects on how to become more
effective, then tunes and adjusts its behavior accordingly.

Open-minded management -
support and commitment

Principle fulfilled to 0%= O  25%=® 50%=Q 75%=@

Fulfilment
at Beta

O 0O @ &G & E

100%=@

Figure 3. Correlation between agile manifesto principles and agile development principles at Alpha and their fulfillment

at Beta.

(1) Corresponds with the agile manifesto’s principles IV, VI, and XII. Compared to Beta,
this principle was rated as 75% fulfilled. Interdisciplinary core teams already exist to some
extent and internal exchange is happening. However, these teams do not meet on a daily
basis. (2) Corresponds with the agile manifesto’s principles I, II, and VIIL. It was evaluated
to be also 75% fulfilled at Beta as there is a project manager who is responsible for external
communication to the customer. Coordination meetings with customer and supplier occur
after each milestone to keep the external information exchange high. However, these
meetings do not happen on a regular basis. (3) Corresponds with the agile manifesto’s
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principles I and III. This principle was assessed to be fulfilled by 25% in Beta. The reason
is that, although development takes place over several generations, these intervals tend
to be relatively long. (4) Corresponds with the agile manifesto’s principles V and XI.
In Beta, this principle is fulfilled by 50% as development teams act partly organized by
themselves. (5) Corresponds with the agile manifesto’s principles VII, VIII, and IX. As
Beta has not implemented an agile approach yet, this principle was assessed to be not
fulfilled. (6) Corresponds with the agile manifesto’s principle V. Also, because Beta has not
implemented an agile approach yet, this principle was assessed to be not fulfilled. (7) Also
corresponds best with V. The conducted interviews made it clear that the management
is interested in the incorporation of agile development principles and sees advantages to
powertrain development. Since agile development principles have not yet been applied,
this principle was rated at 75%, since 100% would require immediate implementation.

4. Procedural Model for Assessment of Project Development Approach Balance

The adapted procedural model from [37] builds a basis to support the incorporation
of agile principles in the powertrain development process. This model describes linking
product context criteria (degree of novelty and the degree of interdependence) with project
context criteria (characteristics of agile and conventional development) in a matrix. The aim
is to provide an indication of whether a certain combination of attributes and project condi-
tions is more suitable for the application of agile or conventional development principles
and to support finding the right balance between agility and control.

First, the identified attributes of powertrain development (Table 3) and the required
disciplines involved in powertrain development are listed in a domain mapping matrix
(DMM-DA, with indices D for disciplines and A for attributes), described by [38]. Having
defined the attributes of the specific powertrain development project, the subjective novelty
value for the acting disciplines in a project must be assessed from discipline representatives
themselves between 0, 1, and 2. The meanings of these numbers are as follows [37]:

e  “2”: Attribute has not yet been implemented; increased effort is to be expected with
regards to implementation; feasibility cannot be assessed as clearly positive; very high
communication effort to be assumed.

e  “1”: Attribute has not yet been implemented; no particular obstacles are to be expected
in the implementation of the attribute; feasibility can be assessed as positive; increased
communication effort.

e  “0”: Attribute (or similar) has already been implemented; simple implementation; low
communication effort.

Table 4 shows an excerpt of this step of the procedural model. While selected sample
attributes for this illustration are highlighted in green, sample subjective novelty values
complete the DMM-DA. It is recommended that all involved lead engineers mutually select
appropriate numbers for their related disciplines to actually reflect the commonly perceived
novelty in practice. Votings or average calculations might lead to acceptable results in
case of disagreements. Table 4 only represents an individual assessment to support the
procedural understanding and therefore provides no general validity.
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Table 4. Procedural model excerpt: domain mapping matrix—disciplines and attributes (sample values).

Key Disciplines Involved in Powertrain Development

Development

B
50 80 - & §
ey 2E & EE & E g 2 %
&b 9 g5 25 £ o - £ ] 7 5
= g RIS E o s O < 3 2 < =)
¢ § BE TE SE E - £ B 3
5 & 2% £% 8% £ F & 5 B
g & =4 g & SR
2

- New

g Vehicle Upgrade 2 0 2 1 1 2 2 2 2 2

3 Development Derivate

v

E) ICE

= Battery

3 Powertrain Fuel Cell 2 2 1 2 2 2 2 2 2 2

g Topology E-Motor

g

~

ks

P From scratch

E Degree of Maturity Feasibility 1 2 0 2 1 2 1 2 0 2

= Entry

<

B

Q

NV

Note: Novelty values (green).

After the successful assessment, a design structure matrix (DSM-D, with indices D for
disciplines) is derived in the next step. The DSM-D maps the interrelation of the disciplines
to each other and is calculated by multiplying the DMM-DA (Table 4) with its transposed
version according to the following formula [39]:

DSM-D = DMM-DAT x DMM-DA. 1)

The resulting DSM-D shown in Table 5 provides two different types of information.
First, the novelty values in the main diagonal of the matrix (highlighted in green) cor-
respond to the subjective novelty value of each discipline. The higher the number, the
more novel the project in question (summarizing all key attributes from Table 4) is in the
specific discipline. Furthermore, the interdependency values in the lower triangular matrix
(highlighted in orange) provide information about the correlation of the subjective novelty
values for certain discipline pairs. Similar to before, higher values indicate more novelty.

The degree of novelty (DGN) represents the ratio of the novelty value for a specific
discipline (e.g., service = 26) to the maximum possible novelty value of the matrix and is
calculated according to Equation (2). While this maximum depends on the actual size of
the DMM, in this example it is 40. As the realization of attributes with a higher subjective
novelty value requires increased effort for the specific discipline, a high degree of novelty
also indicates increased effort in general and the realization of these attributes in the
powertrain development cannot take place without proper coordination within the related
disciplines. The degree of interdependency (DGI) is used to evaluate the dependencies
of correlated disciplines. Comparing the ratio of the interdependency value between two
specific disciplines (e.g., service/design = 23) to the maximum possible value of the matrix
(40), it is calculated according to Equation (3). According to Egelhoff (1991), it provides
information about how independently a discipline can act for the realization of a certain
attribute [40]. The DGI can therefore be used to reflect the need for coordination and
communication between individual disciplines. Regarding the 10 identified key disciplines,
a total of 45 combinations of DGIs can occur after the calculation.
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DGN [%] = Novelty Value/Maximum Matrix Value (2)
DGI [%] = Interdependency Value/Maximum Matrix Value 3)

Table 6 shows the DSM-D with the calculated degrees of novelty and interdependency.
A threshold value is further introduced to define a distinction between the recommendation
of a conventional or agile approach. While a DGI above 25% means that agile principles are
preferable for the proper realization of the product context, a DGI of 25% or lower points
to conventional development principles. As the sample DGIs in Table 6 are all greater than
25%, only an agile approach is appropriate. The degrees of novelty are from this point
onwards no longer considered, as the application of principles related to agility within a
certain discipline is both easier and more common.

Table 5. Procedure model excerpt: domain structure matrix—disciplines.

Key Disciplines

) ) — 5D g

= == & S & = g o %’3 =

=1 o =} S = O S > = = =} I
) = g5 o S o c s g ® Y
= B 9 o £ q & O - 8 1 2 = o)
v 3 ! g = S .5 2 o & S s
A * 7 &b = 50 g B E» < o g £
» o = S £ = £ ® 2 g

3| = 53| o

Design 28
Service 23 26 Novelty Values
5] Systems Engineering 22 15 21
£ Electrical Engineering 27 25 22 31
% Mechanical Engineering 22 20 18 25 23
5 Functional Safety 28 27 20 28 22
> Production 31 26 26 32 25
¥ Software 28 24 24 31 24
Purchasing 25 19 23 25 20
Homologation 29 26 23 31 25
Note: Novelty values (green) and interdependency values (orange).
Table 6. Procedure model excerpt: degrees of novelty and interdependency.
Key Disciplines
o
& - & =2 = = o0 S
: & ¢f EE 2f 42 % & & &
L ) 2.2 .o .= < o b= 2] )
R e g®» g® g® 54 o g 5
= i) = 5 2 & & S
Design 70%
Service 58%  65% Degrees of Novelty (DGN)
5 Systems Engineering 55%  38% 53% Degrees of Interdependency
: (DGD)
= Electrical Engineering 68%  63% 55% 78%
@ Mechanical Engineering 55%  50% 45% 63% 58%
a Functional Safety 70%  68% 50% 70% 55% 83%
N Production 78%  65% 65% 80% 63% 80%
Software 70%  60% 60% 78% 60% 75% 85%
Purchasing 63%  48% 58% 63% 50% 60% 75% 70%  73%
Homologation 73%  65% 58% 78% 63% 80% 85% 83% 65% 85%

Note: Novelty values (green) and interdependency values (orange).
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Besides the product context criteria, the selection of an appropriate development
approach is also subject to project- and environment-specific criteria. In order to evaluate
whether project context criteria are more suitable for conventional or agile development
principles, their differentiation characteristics (presented in Table 1) are used. Finally, the
product and project context criteria are linked in a so-called Product-Project Context matrix
(PPC), as shown in Figure 4. While the left side lists the differentiation criteria from Table 1
depending on their agile or conventional nature in the specific project, the bottom includes
the agile or conventional discipline pairs according to Table 6. The product and project
context should (ideally) coincide at an intersection in the gray fields of the shown matrix.
If there is an intersection in a white field, this means the product and project—context do
not properly correlate for a certain project approach. However, deriving recommended
actions to move intersections from a white field to the gray one is not within the scope of
this project.

— Project Goal
— Product Requirements
= | — Product Type
o0
-] < | — Customer Needs
< — Environment
=
° —
o
° — Product Definition
0 —
E S | - Project Size and Duration
S .
~ g — Team Size
) .
Z — Team Experience
8 — Customer relation and availability
.. . Discipline Pairs with DGI > 25%
s 'S W <25
Discipline Pairs with DGI < (SW/PR. SW/HM. SW/FS. etc.)
SW= Software

PR = Production

HM = Homologation

FS = Functional Safety
EE= Electrical Engineering

Conventional Agile

Product Context

Figure 4. Product-Project Context.

5. Discussion

Having completed a development support tool, two reasons often hinder a full eval-
uation according to [41]. First, a lack of the required maturity of the support tool for
its actual application in practice and second, a limiting research project duration, which
was an obstacle in the present work. A full evaluation, including the application of the
developed procedural model to a specific project, would have significantly exceeded the
timeframe. Therefore, the actual evaluation was performed in two phases. The first phase
included additional semistructured interviews, performed after completing each main
interview with the experts at the investigated engineering company. This enabled us
to gather valuable feedback, whereas its iterative implementation gradually improved
the procedural model to satisfy the actual needs of future potential users. In the second
phase, a semistructured interview with an experienced engineer was conducted as a final
evaluation. The evaluation questions were:

e  Is the procedural model applicable to the development of powertrain systems?
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e  Does the procedural model support the incorporation of agile development into an
existing powertrain development process?
e Do you consider the disciplines/attributes as suitable?

The procedural model was considered as structured and systematic support for de-
cisions. While some changes to the terminology would be required to fit the company’s
internal terminology exactly, its applicability to the development of powertrain systems
was clear. In the opinion of the evaluation partner, the procedural model should not
provide rigid recommendations for a certain project with either “conventional” or “agile”
principles. However, the developed tool allows this desired flexibility and only provides
a certain “target picture” to be followed. Referring to individual points in the project
context, it presents deviations from the “ideal picture” of agile approaches in terms of the
project environment. For example, the partner company would certainly want to carry
out large projects with a high number of employees and developers in an agile manner,
but an agile project execution is preferable for small projects and teams. For this purpose,
agile teams could be divided according to the functional tasks required in a development
project of a powertrain system. Nevertheless, the procedural model can still unveil fields
that could cause complications, as their characteristics do not preferably fit into agile
development. The development teams would know in advance where there is still a need
for clear step-by-step development to find the right balance between control and agility.

6. Conclusions

This paper deals with the considerations of agile powertrain development as well
as the incorporation of agile principles into conventional powertrain development pro-
cesses. In contrast to the well-known and established agile development approaches in the
software industry, agile development principles have only been partially established for
hardware. However, no study was found that deals specifically with the highly relevant
topic of agile powertrain development. Having investigated existing conventional product
development approaches in the automotive industry, an extensive literature review was
performed to define the characteristics for conventional and agile product development.
This comparison has revealed the specific conditions when each approach is more likely
to succeed. Furthermore, a single case study was conducted in close cooperation with an
engineering company in the relevant business sector, whereas semistructured interviews
served for data collection in a qualitative manner. For this study, two divisions called Alpha
and Beta were investigated. As Alpha is already using an agile development approach, it
enabled us to identify corresponding principles, advantages, and challenges. On the other
hand, Beta deals with the development of powertrain systems and built the basis for the
identification of related key disciplines. Additionally, certain powertrain attributes that
have an explicit impact on development were defined. During the interviews it became
clear that, throughout the conventional development of powertrain systems, certain char-
acteristics or working methods are similar to agile principles. In order to better understand
this connection, the fulfillment of the seven agile principles in Alpha was qualitatively
assessed for Beta. Furthermore, the connections between these principles and the 12 agile
manifesto principles were also defined. Finally, a procedural model from the literature
was adapted to assess whether a certain combination of attributes and project conditions
is more suitable for the application of an agile or conventional development approach.
The procedural model supports balancing development flexibility (agile principles) and
control (conventional principles). Regarding future pilot teams that might work with agile
principles for powertrain development, it is supposed to illustrate a certain ideal picture
and to create an understanding of whether agile or conventional development principles
are more suitable for specific projects. Furthermore, it can point out problem areas in the
project context that should be taken into account. The developed procedural model was
evaluated in two phases, and its applicability for the development of powertrain systems
was confirmed.
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