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Abstract

The increasing reliance on software in embedded systems has created new challenges
for suppliers that traditionally focused on mechanical and electrical domains. In this
thesis, collaboration between mechanical, electrical, and software engineers during
the early-stage design process was analysed using a qualitative case study at Volvo
Penta. 15 semi-structured interviews were conducted with engineers, architects,
project managers, and leaders from five Volvo Group companies. Thematic anal-
ysis was applied to identify recurring patterns and challenges. 17 subthemes were
generated and organised using BAPO model, under 4 main themes: Business, Archi-
tecture, Process, Organisation. Relations between these subthemes were analysed
though BAPO framework. It was found that early alignment can be strengthened by
new platform architecture, a new rule-based configuration tool that follows Model
Based Systems Engineering practices and re-organisation to create a new unified
role for a person to coordinate Mechanical, Electrical and Software disciplines. The
results contribute to research on socio-technical alignment in embedded systems by
combining perspectives from Model-Based Systems Engineering, Set-Based Concur-
rent Engineering, variability management, and the BAPO framework.

Keywords: Embedded systems, Cross-disciplinary collaboration, Early-stage design,
Configuration management, Model-Based Systems Engineering (MBSE), Set-Based
Concurrent Engineering (SBCE), Variability management, BAPO framework
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1

Introduction

Developing modern engineering products is getting harder and harder as the number
of features goes up and development cycles time goes down [1][2]. Embedded sys-
tems, that are found in cars, power systems, or even home appliances, are gradually
getting more software-controlled features during the recent decades [3]. Features
that used to rely purely on hardware (mechanical and electronics) now also depend
on software to add more functionality, while improving energy efficiency and increase
profitability [4].

This software driven shift is a source of modern innovation, and also a source of new
challenges. Embedded system companies manage product development by dividing
into three separate engineering disciplines: mechanical, electrical, and software [5].
Each of those disciplines have different development speeds, different standards,
different tools and need to develop the same product in parallel to each other, while
depending on the success of previous teams [6].

1.1 Problem Description

In this thesis, Volvo Penta has been chosen for a case study. This company is
a subsidiary of Volvo Group that also owns "Volvo Construction Equipment" and
"Volvo Trucks" among other companies.

At Volvo Penta, where this thesis is based, the previously mentioned challenges are
very real. The company operates in two main segments: marine and industry. The
marine segment is responsible for engines and drivelines for recreational boats and
commercial vessels, as well as marine generator sets. The industrial segment creates
engines for various machines, generator sets, and energy storage solutions [7]. Penta
is an Original Equipment Supplier (OES), which means that they sell components
that will be assembled into a complete product by their customers and sold further.
One such example is marine engines that Penta sells to a shipbuilding company that
sells a complete ship with Penta’s engine inside it.

Volvo Penta’s products are characterized by low production volumes and highly
priced products. The company produces highly customizable components, focusing
on meeting each of their customers specific needs, instead of an one-fits-all approach
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which is unpractical for most their customers. In this company, misalignment can
cause delays when testing how Mechanical-Electrical-Software sub-components in-
teract. As more features in these products depend on software, it’s getting harder
to manage this kind of complexity.

1.2 Purpose of the Study

The reason why this problem is being addressed now, rather than 20 years ago, is
due to Volvo Penta’s recent transition toward electrification. This transition began
approximately 5-10 years ago, depending on interpretation. The introduction of
electric vehicles (EV) coincides with a significant increase in software content, as
well as software complexity.

Historically, software development has been largely outsourced within the Volvo
Group (Penta is one of many subsidiaries of Volvo Group), which may have made
software related issues less visible than hardware ones. As new EV systems need
tighter coupling between hardware and software, the resulting complexity reached a
boiling point where software complexity became too expensive to manage through
legacy processes or informal practices alone.

In short, electrification has made increased software dependency a higher priority,
which prompts a need for more structured, cross-disciplinary collaboration between
Mechanical, Electrical, and Software Engineers to address that.

The purpose of this thesis is to understand out how mechanical, electrical and soft-
ware engineers can better align throughout the early-stage engineering design pro-
cess. This thesis examines the workflows, communication methods, and tools Penta
uses. The goal is to identify the root cause of the misalignment and to suggest
specific ways to improve the collaboration between these disciplines.

By addressing this topic, this thesis hopes to provide engineers with better ways
to work together, especially as products become more dependent on software. It is
also a chance to make a theoretical contribution to research on how to handle these
multidisciplinary challenges in a more structured way.

1.3 Significance of the Study

Improving collaboration of engineers from mechanical, electrical and software can
carry measurable benefits, such as a theoretical 25 % cost saving during early stage
design [8]. This progress is partly attributed to instant information access for all
engineers. In addition, by combining new frameworks with established ones, re-
searchers have manage to streamline early stage design [6]. This was achieved by
reducing the number of possible system solutions from 200 initial configurations to 6
viable ones, and finally 1 optimal configuration [6]. This streamlining of early stage
design process has resulted in time and cost savings during this stage.
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1.4 Research questions

In this thesis, a few assumptions were made. The first assumption is that there
should be more cooperation between Mechanical, Electrical, and Software engineers.
The second assumption is that lack of alignment between engineers across different
fields happens due to different workflows, priorities, and communication methods
that are unique to each field. Building on these assumptions, two research questions
were proposed:

e Research Question 1: How do engineers from Mechanical, Electrical, and
Software disciplines align their workflows, priorities, and communication strate-
gies to overcome challenges and enhance collaboration during the engineering
early design process?

o Research Question 2: How can alignment between workflows, priorities,
and communication strategies be improved during the early stage engineering
design process?
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Background

2.1 What is an Embedded System?

An embedded system is a system that has been programmed to control a specific
function, is installed directly into the equipment and can not by re-programmed
by the end user [9]. Embedded systems are used in consumer appliances, aviation,
space industry, etc [3]. Heath at al. [9] explains how the user can chose how to
use the embedded functionality but can not add or replace software to the change
the original functionality. The author explains that a Personal Computer, on the
other hand, can be used as a word processor, gaming machine or other things, by
changing the software of the PC. Counter this with an embedded, that is designed
do only one specific task, including the options provided to control only that task, as
Heath explains. This distinction is important to understand that embedded system
is different to a PC by the fact that a PC can be reprogrammed to add more tasks
than originally designed by reprogram the PC with new software, as one of Heath’s
key points.

2.2 Volvo Penta context

Volvo Penta is a global supplier of engines and complete power solutions for marine
and industrial applications [7].

This company has been increasingly shifting towards software-defined features as
part of its broader digital transformation and electrification efforts. This transi-
tion reflects a significant move from traditional hardware-centric designs to more
integrated, software-driven solutions.

One important development is Penta’s introduction of a connected platform aimed
at enhancing off-highway vehicle productivity. This platform makes it possible for
manufacturers to customize their machines with advanced features such as 360-
degree camera views and sophisticated propulsion control systems. By using a
high-performance computational node, the system connects to various communica-
tion mediums, sensors, and subsystems, helping the development of software-defined
machines [10].
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Additionally, Volvo Penta has unveiled the IPS Professional Platform, which uses
efficiency-driven features like automatic engine start and stop based on power re-
quirements. This innovation is an important move towards intelligent, software-
controlled power management in marine applications. [11]

These initiatives are part of Volvo Group’s overarching strategy to lead the digi-
tal transformation in the commercial vehicle sector. In collaboration with Daimler
Truck, Volvo Group has announced plans to form a joint venture focused on devel-
oping a software-defined vehicle platform, underscoring the company’s commitment
to advancing software integration across its subsidiaries, including Volvo Penta [12].

2.3 Electrification

In the marine domain, Volvo Penta has introduced a fully integrated helm-to-
propeller hybrid-electric package for commercial vessels. This system combines
diesel engines with electric motors and battery banks, allowing seamless transitions
between electric, hybrid, and hybrid boost modes [13].

In the industrial sector, Volvo Penta is developing modular and scalable Battery
Energy Storage Systems (BESS) to support electrification in construction and min-
ing applications. These systems are designed to be integrated into their customers’
applications, providing efficient and reliable power solutions [14].

2.4 Systems Engineering

Systems engineering is an interdisciplinary field of engineering and management
that focuses on how to design, integrate, and manage complex systems over their
life cycles [1]. At its core, systems engineering evolves with time to address the ever
changing demands enforced by harsh competition. Systems are no longer comprised
of isolated filed, but of interconnected systems of systems (SoS). As changes happen,
the original requirements change in an unpredictable way. An example given by the
authors is a mobile device that started with e-mail messages but with time added
GPS, Internet, videos and social media [1].

Systems Engineering Body of Knowledge SEBoK [15] describes Systems Engineer-
ing as an interdisciplinary approach to solve problems in complicated engineering
systems. According to Systems Engineering practices, mechanical, electrical and
software systems (M-E-S), should be designed together concurrently [16]. More
specifically, the authors recommends the M-E-S disciplines to collaborate during
design and requirements process. This is done through M-E-S cross-disciplinary
collaboration with design, verification, integration, and maintenance of complex
systems.

6
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2.5 Model-Based Systems Engineering

Model-Based Systems Engineering (MBSE) provides a structured approach for man-
aging the design and integration of complex systems. Before the MBSE;, to keep track
of specifications and documents, an exchange between different stakeholders (devel-
opers, testers, users and customers) was popular [17]. The documentation-based
approach was mainly based on paper copies, while MBSE is based on 3—dimensional
computer-aided design models, among others. When you separate the features into
distinct models and visualize them on a computer, you can add more features with-
out losing understanding of the complete system [17].

MBSE helps Mechanical, Electrical, and Software (M-E-S) by providing tools such
as SysML to define and visualize system architectures [17]:

e Mechanical engineers can model geometries, tolerances, and physical interfaces
o Electrical engineers can define signals, voltages, and power flow

» Software engineers model control logic, timing constraints, and communication
protocols

2.6 Set-Based Concurrent Engineering

Set-Based Concurrent Engineering (SBCE) is an approach in product development
where teams evaluate a set of possible solutions that meet requirements, rather than
choosing a single concept and then tweaking and changing it so that it meets the
requirements [18]. Over time multiple options are evaluated and the worst options
removed as trade-off between different requirements are better understood. Impor-
tant decisions are delayed until information is available to make rational system-level
choices.

At Toyota where this methodologies was first discovered, multiple models and system
prototypes are developed in parallel [18]. Teams use engineering checklists to define
the range of possible solutions and communicate these to each other. Suppliers
are also asked to come up with and prototype several alternatives, not just build a
single assigned design. Among its benefits, SBCE reduce late rework and expensive
changes by delaying decisions until late moments. It increases the likelihood of
finding better solutions through exploration of many possible early solutions. SBCE
improves system-level integration by promoting cross-functional collaboration. It
also builds organizational knowledge by documenting alternatives, trade-offs, and
outcomes.
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2.7 Configuration rules for embedded systems

In this section 2 different approaches for setting up configuration rules will be pre-
sented.

2.7.1 Rule-based validation methodology

In their paper, Li et al. proposed a rule-based validation methodology to efficiently
solve hardware-related configuration problems [19]. Their methodology rests on
three steps:

A formal configuration rule language, inspired by linear temporal logic (LTL),
to define valid configurations

o A configuration rule data base that stores the valid configuration rules
e An analysis tool that verifies no configuration rule violation at runtime

Linear temporal logic is a first order logic [20]. First order logic enables the use of
sentences that contain variables [21]. In this case, instead of the proposition: John
is a man, one can state: "X is a man", where X is a variable [21].

2.7.2 Variability in Software Product Lines

In their paper, van Gurp et al. [22] describe variability management. Their method-
ology includes 4 steps:

o Identification of variability: In this step the variation points are created
based on specific variability needs outlined by a so called "feature diagram".

e Constraining variability: To provide a cost-effective solution, the variant
points need to be constrained with some flexibility in mind.

o Implementing variability: A few realization techniques can be chosen be-
tween so that variability can implemented in the most cost-effective way.

o Managing the variants: To avoid losing cost-effectiveness, variants must be
added and removed based on current and future needs.

The authors acknowledged the possibility for late configuration, which aligns with
Penta customer’s need as it was mentioned by Person 3 in their interview, see Ap-
pendix A.

. new software systems are required to employ various variability mech-
anisms that allow the software architects and engineers to delay the deci-
stons concerning the variants to the point in the development cycle that
optimizes overall business goals. For example, in some cases, this leads
to the situation where the decision concerning some variation points is



2. Background

delayed until runtime, resulting in customer- or user-performed config-
uration of the software system. In other cases, variability can be han-
dled before compilation, thus removing complexity of the final product.“
(van Gurp et al. 2001)

This example provides justification for evaluating van Gurp et al. methodology in
the case of Volvo Penta.

By implementing the Software Product Lines, a company aims to make developing
and evolving products more cost-effective [22]. According to the authors, this is
achieved by grouping similarities between products into a product family. Van Gurp
et al [22], refer to a follow up paper by Rine at al. [23] who conducted an empirical
study which shows that organisation get the best reuse outcomes during early stages
of development. This aligns well with the scope of this thesis that is specifically
concerned with early stages of development.
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Literature Review

In a Systematic Literature Review (SLR) on the quality of embedded systems, 64
studies published between 1980 and 2024, were analysed by Sahin and Tarhan [24].
The authors have captured a number of trends using those studies in the embedded
systems. One of trends is that the majority (51 studies) of analysed studies were
solution proposals, which could signal a shift towards towards empirical assessment
of proposed solutions. Another trend evolves around different domains of embedded
systems are being evaluated, thus showing that more empirical studies with real-life
validation needs to be made.

The authors have proposed three recommendations for future research [24]. These
recommendations could provide some benefit to this thesis. The first recommenda-
tion is to focus on details on the product, code and component levels. The second
recommendation is making an empirical study and to validating a proposed solution
in industry setting. The third recommendation is creating tools and framework for
evaluating and improving quality in embedded systems.

This thesis extends on the work of Sahin and Tarhan [24] by conducting an empirical
study in a new industrial context with 16 interviews, thus directly answering the
SLR’s call for empirical evidence. A contribution to BAPO framework was made
by applying in a previously untested context of Volvo Penta.

3.1 Model-based Systems Engineering in Embed-
ded Systems

Akundi and Lopez wrote a paper about transition towards Model-Based systems
engineering (MBSE), highlighting the tools and languages that were used during
the transition process [25]. The authors found that Systems Modeling language
(SysML) is the most widely adopted modeling language during the transition phase
towards MBSE. If adopted correctly in the early-stage development, MBSE can im-
prove information sharing by reducing the time needed to find relevant information
and that would enhance integration across mechanical, electrical, and software dis-
ciplines. The review mentions that adopting MBSE can have a positive impact on
Return on Investment (ROI) as well.

11
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This thesis has found that Penta has not fully transitioned from paper copies and
Excel documentation for product variant management, which confirms Akundi and
Lopez [25] findings on document-centric systems engineering and the the need to
transition to MBSE in a new industrial setting at Volvo Penta.

Vogelsang et al. wrote a paper examining the organizational forces that drive or
hinder the adoption of Model-Based Systems Engineering (MBSE) in the embed-
ded systems industry [2]. Rather then focusing on specific tools or modelling lan-
guages, the authors conducted a qualitative study to understand the socio-technical
and organizational conditions affecting MBSE adoption. The authors found that
unrealistic or too optimistic expectations are among the biggest causes of nega-
tive experience with MBSE adoption. This expectations are driven by the need
to manage increasing product complexity, improve product quality, and accelerate
time-to-market.

However, significant problems to MBSE adoption also include factors such as re-
sistance to change, inertia due to existing company culture, and misunderstanding
about MBSE. Specific barriers to MBSE include the perceived incompatibility of
MBSE tools with existing toolchains among the people that were interview. And
also the need for engineers to adopt new ways of thinking—particularly in terms of
abstraction.

This thesis addresses gaps from Vogelsang et al. [2] by proposing a rule-based config-
uration approach that would use MBSE logic with variation points and constraints
tied to model elements.

3.2 Model-based Systems Engineering combined
with Set-Based Concurrent Engineering

A 2019 study by Ammar et [6] in an automotive company on Mechanical-Electrical-
Software discipline collaboration has shown to improve communication between par-
ticipants by decreasing time and costs of a complex system development. The au-
thors came up with a new method to connect Model-Based Systems Engineering
(MBSE) with Set-Based Concurrent Engineering (SBCE) to reduce design alterna-
tives and find an optimal configuration more efficiently. To visualise their activities,
the researchers used SysML diagrams.

This approach was validated in an automotive setting, by developing a new con-
cept solution for an automotive component, using the combined MBSE and SBCE
method. The authors were able to generate 200 solutions and then by following
the methodology, narrow down the solution space from 200 possible configurations
down to 6, and eventually one final optimal solution.

However, the paper also has certain limitations. Their methodology is applied in a
narrow case with a specific automotive component, and is not validated in a more
complex case, such as a completed vehicle. Furthermore, the proposed method relies

12
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on expert’s knowledge to reduce number of solutions. This introduces a subjective
element to the decision-making process.

During the semi-structured interviews, this thesis has found a new rule-based config-
uration tool was suggested during interviews. In theory, such tool could implement
Ammar et [6] MBSE and SBCE method to generate many solutions for potential
products and following their method, narrow down the solution to one product that
can be offered to Penta’s customers. This thesis shows that theoretically Ammar et
[6] method can be used in an new industrial case at Volvo Penta.

Borchani et al. [26] present an alternative view on combining Model-Based System
Engineering with Set-Based Concurrent engineering. The authors call their approach
Model based for reliability and manufacturability analysis (MBRMA ) which is a new
way to reduce economic costs and development time of new products, while also
improving communication, and filtering out suboptimal solutions, during early stage
design phase.

Borchani et al. apply their MBRMA approach on an electrical component, where
their approach reduced 15 potential solutions down to 3, with a final selection based
on trade-off analysis with domain specific analyses. This analysis aims to select the
last solution with the best score based on reliability, manufacturability, cost, and
durability.

However, the paper has its limitations. Firstly, it relies on domain experts to define
feasible design options and rank attributes like lead-time, production cost, and fail-
ure probabilities, noting that “experts intervene to rank attributes like lead-time or
production cost in a scale of 1 to 5 which is not always accurate”. This introduces
subjectivity and variability into the design process. Secondly, while the authors
proposed an algorithm to automate reliability and manufacturability analysis, they
admitted that “due to the difficulty of implementing our approach in a SysML-based
tool, we developed a proof of concept using Python language,” thus revealing a gap
in full toolchain integration.

This thesis has suggested that a new theoretical rule-based configuration tool could
solve some of Volvo Penta’s challenges. Such tool could potentially implement Bor-
chani et [26) MBRMA method to generate many solutions for products and narrow
down to one one product to be offered to Penta’s customers. This thesis shows that
theoretically Borchani et [26] method can be used in an new industrial case at Volvo
Penta.

3.3 Business Architecture Process Organisation
(BAPO)

A paper by van der Linden et al., introduced a framework for evaluating embedded
systems that contain software [27]. The proposed framework for evaluation is based
on the BAPO model. This is an acronym for Business, Architecture, Process and

13
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Organization
Departments,
teams and
responsibilities

Business
How we generate
revenue and profit

Architecture
Technology and
structure to build
systems

Process
Activities and
ways of working

Figure 3.1: The BAPO model

Organisation model.

The interaction between Business, Architecture, Process and Organisation is such
that a higher score in one dimension can, unless managed carefully, decrease the
score of others, see Figure 3.2. An improvement should be evaluated through as
many dimensions as possible so that an improvement in one dimension will not
come at cost of other dimensions.

BEFORE AFTER
B B
o] A O A
P P

Figure 3.2: An example of how BAPO scores may look before and after

Business Dimension is about money-making and managing economic costs. One
way to understand the business dimension is to look at the established business

model in a company and ask some questions:

o What costs do exist today? If the company operate with a too complex ar-
chitecture or the team’s are not organised well enough, the costs will go

up.

o How satisfied are the customers? By figuring out ways to build embedded
products faster, cheaper and better than competitors, the company can expect
higher profits and stronger market position.
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Architecture dimension is concerned with how the software platform evolves
with time. There is a lot change technologies which can be controlled by a coherent
architecture strategy.

The following questions can be used to better understand architecture:

o What parts of the system are shared across all products, and how are they
implemented?

o Is there a reusable software platform? If so, what does it include?
o Are the architecture decisions aligned with business goals?
o Is there a roadmap for architectural evolution as platforms change?

Process dimension explains the ways of working to make sure that products are
made fast, cheap and with consistent quality. It includes planning, designing, coding,
testing and maintaining.

The following questions can be used to better understand process:
e How much can be predicted before development is started?
o How much repetition there is in development?
o How easy it is to measure development?

Organisational Dimension is about how people, teams and entire departments
are coordinated to ensure that people are working together without getting in each
other’s way.

These questions can be used to better understand organisation:
o How are responsibilities divided between people, teams and departments?
o How do different roles coordinate their tasks?
o Are teams located in the same building, or spread across cities or countries?

o Isthere a clear structure or process for handling collaboration, communication,
and decision-making?

This thesis has applied BAPO framework to organise findings from semi-structured
interviews in the results section. Each of BAPO’s four dimensions was applied to
create a clear hieracrhy: theme -> subtheme -> code. By using BAPO as the top
hiercrghy the interviews results could be used to confirm that BAPO framework is
valid in a new industrial context at Volvo Penta.
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3.4 Semi-structured interview papers

In their XP case study on integrating agile with stage-gate, Runeson and Host chose
a semi-structured approach to support their exploratory and explanatory goals [28].
The authors created an interview guide with topic blocks and rough time budgets.
They selected relevant people with the companies, had two researchers present at all
interviews, audio-recorded and transcribed all sessions, and also took notes during
interviews. Later, the researchers coded transcripts (e.g., project model, communi-
cation, planning) and sorted people by their role and company to analyse patterns.

Runeson and Hoést’s [28] paper has been used as inspiration when coducting the
15 semi-structured interviews in this thesis. Specifically, the recommendations to
audio-record interviews, while taking notes during interview session were helpful.

In their agile teamwork study, Strode et al. used semi-structured interviews in their
case study about three co-located agile teams in a New Zealand bank [29]. Inter-
views were recorded, transcribed, and guided by a pre-defined schedule. The inter-
views they were complemented by observations and artefacts such as task boards,
burn-downs, interface docs to ground accounts in “work as done”. The goal was to
evaluate and adapt the “Big Five” teamwork model to agile contexts by mapping in-
terview evidence to constructs such a shared mental models, trust, communication,
leadership, peer feedback, redundancy, adaptability, and team orientation.

Strode’s interviews shows how semi-structured interviews are applied to software
engineering work such as role definitions and activities, how work is assigned or
self-selected, who communicates with who and through which channels, any work-
delegation patterns, required resources and tools (from configuration management
to wikis), artefacts produced, and integration points. Beyond day-to-day work, their
research explicitly targets coordination and dependency topics—big-picture archi-
tecture, testing flows and environments, parallel development and merge practices,
change impact, expertise location, history of decisions, and integration cadence.

Methodologically, Strode demonstrates that semi-structured interviews work when
you need context-rich explanations of socio-technical coordination—not just counts
of practices. The same rationale underpins this thesis as early-stage alignment exists
in interfaces, option decisions, gate evidence, and hand-offs, and those are best re-
covered by guided narrative plus artefact prompts, exactly as Strode operationalised.

Strode’s [29] paper was used in this thesis to prepare before the interview studies.
It was used to give a basic understanding of how semi-structured interviews were
conducted in practice, as well as giving background on early-stage alignment.
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Research method

This thesis applies a qualitative research method, in the shape of a semi-structured
interview study to investigate the research questions found in Section 1.4. This
methodology is chosen firstly because qualitative research is proven to be of great
use for finding out why something is the way its is and common methods of data
collection include semi-structured interviews [30]. The second reason for choosing
qualitative research is to help the researcher discover new aspects of a field and form
a deeper understanding of a subject [31]. The third reason for using qualitative
research is to elaborate on theory. This means to create a concept and conduct
empirical research and refine pre-existing ideas to develop new theory to improve
accuracy of the phenomena studied [32].

Before a semi-structured interview, the questions are prepared in advance. During
the interview, the questions are not asked in a predefined order, to allow interviewer
to probe, improvise, and explore follow up questions as the conversation develops
[28]. Semi-structured interviews are common in case studies because they balance
comparability with openness. Interview sessions typically start with objectives and
background, then move to the main questions (using funnel structure), and end
with a brief summary for respondent feedback. Runeson and Host recommend audio
recording and full transcription so that transcripts can be reviewed by participants
to go back to vague statements afterhand [28].

Hennink and Kaiser have conducted a systematic review of empirical studies that
assess saturation in qualitative research, and they have identified sample sizes for
saturation given their limitations [33]. The authors suggest that 9-17 interviews or
4-8 focus group discussion are enough to reach saturation, if the study populations
are homogenous, and the purpose is narrowly defined. Saturation in qualitative
research is describing a situation where enough data has been collected, so that
more data will not add more useful information to solve the problem [34].

4.1 Data collection

During a period of 6 months, between January and May 2025, 15 semi-structured
interviews were conducted, see Table 4.1. The interviews lasted between 45-60
minutes. There were a set of predefined questions that have guided the interview
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which are explained in Section 4.1.1. The candidates were asked to respond to a
number of questions based on 3-4 themes that were chosen based on a person’s
previous background and expertise. The follow-up questions were dependent on
candidate’s previous answers.

Semi-structured interviews were used because they balance comparability with the
ability to probe how alignment issues happen in their natural corporate environ-
ment. The interview respondents were recruited after careful consultation with a
key employee at Penta who used his engineering expertise and connections to identify
potential interview candidates.

Role Background Organisation
P1 Architect Hardware Volvo Penta
P2 Architect Software Volvo Penta
P3 | Systems Engineer Software Volvo Penta
P4 | Systems Engineer Software Volvo Penta
P5 | Project Manager | Hardware Volvo Penta
P6 Architect Software Volvo Penta
P7 | Project Manager | Hardware Volvo Penta
P8 Architect Hardware Volvo Penta

P9 | Systems Engineer Software | Volvo Group Trucks Technology
P10 | Systems Engineer | Hardware | Volvo Group Trucks Technology

P11 Architect Software Volvo Construction Equipment
P12 Architect Hardware Volvo Construction Equipment
P13 Architect Hardware Volvo Construction Equipment
P14 Architect Hardware Volvo Autonomous Solutions
P15 | R&D Manager Software CPAC Systems

Table 4.1: Interviewee’s characteristics
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4.1.1 Interview themes and questions

A set of interview questions were designed to answer the Research Questions, see
Section 1.4, and to help learning about cross-disciplinary alignment, priorities, and
improvements. Interview sessions were audio-recorded with consent and transcribed
verbatim. All interview questions are attached to different dimensions of the research
questions: exploring current alignment practices and challenges (RQ1), and looking
at how those challenges might be resolved (RQ2). The interview questions in Table
4.2 are actual questions from the third interview, and are meant to demonstrate the
interview process.

Main topic Connected questions
Cross-disciplinary collaboration How do engineers from M-E-S disciplines align their workflows?
Historical evolution of hardware and software usage | What has changed in the use of HW and SW in the past 20 years until now?
Alignment challenges and solutions What challenges do you see to improve alignment in early stages?
Alignment challenges and solutions What solutions do you see to improve alignment in early stages?
Timing and organizational perspective What has changed in the use of HW and SW in the past 20 years until now?
Timing and organizational perspective Why are you looking at this problem now in 2025 and not 5 or 10 years ago?

Table 4.2: Interview questions from the 3rd interviews

Research Question 1: How do engineers from Mechanical, Electrical, and Soft-
ware disciplines align their workflows, priorities, and communication strategies to
overcome challenges and enhance collaboration during the engineering early design
process?

e How do engineers from Mechanical, Electrical, and Software disciplines align
their workflows? — Directly explores alignment practices among different
disciplines.

o What challenges do you see to improve alignment in early stages? — Addresses
the barriers or difficulties in effective workflow integration and communication,
which is central to RQ1.

o What has changed in the use of HW and SW in the past 20 years until now? —
Provides historical context that can reveal long-term shifts influencing current
collaboration practices.

Research Question 2: How can alignment between workflows, priorities, and
communication strategies be improved during the early stage engineering design
process?

o What solutions do you see to improve alignment in early stages? — Explicitly
targets potential methods, practices, or tools to enhance alignment, answering
the “how to improve” aspect.

o Why are you looking at this problem in 20257 — Examines the timing and ur-
gency behind the push for improvement, helping to understand contemporary
threats and motivations.
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4.2 Data analysis

This thesis used reflexive thematic analysis to analyse interview data as formulated
by Braun and Clarke [35], [36]. In their 2006 article, they define thematic analy-
sis as "a method for identifying, analysing and reporting patterns (themes) within
data" [35]. Reflexive thematic analysis extends this view by highlighting that the
researcher should take an active role in the analysis so that is "a recursive process,
where movement is back-and-forth as needed, not a linear model of progression" [36].
Working from a critical-realist stance and recognising that a real world exists even
if we can perceive the reality only imperfectly through our own ideas [37], themes
were treated as "active constructions of the researcher, not passive discoveries" [36].

4.2.1 Themes and thematic codes

A complete list of all codes generated during the 15 interviews can be found in
Appendix A, at the end of this report.

In thematic coding, the interview transcript is broken into smaller, meaningful codes
[35]. The reader finds codes, pieces of content that contain valuable data, and
assigns labels to them. Purpose of thematic coding is to organise the data and lay
the foundation for an analysis.

When generating themes, the focus is shifted from individual codes to find broader
patterns [35]. The themes are created using similarities, connections, and patterns
between the codes. According to Braun and Clarke [35], it could be helpful to
visually represent themes in tables or mind-maps. Purpose of generating themes is
to identify patterns to gain deeper understanding of the root causes of the problems.

During thesis the following assumption was made: only the codes that are relevant
to research questions are considered and documented in the thesis paper.

During the semi-structured interviews, the respondents were given the opportunity
to express their opinions about different subjects, with some alterations made to
a accommodate for people from different background and different expertise. One
such accommodation was not to ask respondents with hardware background about
the software-specific details and vice versa. Another included to ask people who are
employed by other Volvo companies to mention the situation at their company and
Penta to make comparisons, even though only Penta’s situation is within the scope
of this thesis.

To decide what a relevant code should include, the following criteria was generated:

o The keyword criteria: A code should be based on a piece of transcripts and
contains words from the Research questions 1 and 2

o The company relevance: A code should included information about Volvo
Penta
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o The sensitivity criteria: A code shall not contain proprietary knowledge or
anything that can violate the internal security policies.

4.3 Open coding

After collecting the transcripts, open coding was conducted [38]. Each transcript was
read twice. The first reading session was done in a normal reading pace, to remember
the interview. The second reading session was slow and deliberate, focusing on each
paragraph of text. It should be noted, that one paragraph is not always one thematic
code. A code can be explained in multiple paragraphs of text. For simplicity, the
example below will have one paragraph be equal to one code. A visualisation of a
transcript can be found in Figure 4.1.

Transcript Code 1
—— Question 1
——

——
Answer 1
——
A Answer 2
——
——
——
——
——
——
——
——

Figure 4.1: How open coding was conducted using a transcript

Each paragraph normally starts with a question that the interviewer asked. And
then a paragraph ends with one or multiple answers for that question from an
interview respondent. These answers contain ideas that are used to create a code.
One or more paragraphs can contain ideas that will be translated into a thematic
code. Those codes are then analysed to find patterns and some higher level logic
between codes.

In Figure 4.2, presents an excerpt from the interview with Person 8. Here the
question is concerned with any perceived change in collaboration between M-E-S
teams at Penta. The respondent stated that they have not seen any improvements
and that the people at their organisation work in SILOs, meaning everyone work in
parallel and people do not collaborate. Based on the respondents answers, a thematic
code was generated. The title for this code was chosen to be Organizational
silos, which can be found in Appendix A, Person 8, Code 1. The answer was then
rephrased to highlight collaboration challenges caused by Mechanical, Electrical,
and Software teams working in silos.
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Code 1 Have you seen any change in collaboration
between Mechanical, Electrical, and Software
Ouestion 1 teams in the past few years at Volvo Penta?

Answer 1 | haven't seen any significant improvement on this at all.
And | don't think management is taking any initiatives to
make things better. We work in SILOs, which management
should be aware of, but they're not doing anything about
it.

Answer 2

We don't work together. We work in parallel,
Warking in SILOS is what you could say in English.
Exactly, we don't collaborate. There is no T process
organization that reports jointly.

Figure 4.2: How a code was created using paragraphs

4.4 Axial coding

After the codes were generated, it was time to group them into subthemes following
axial coding [39]. The thematic codes from previous step were analysed for patterns.
For example, the code Organizational silos, see Appendix A, showed a lack of uni-
fied role for mechanical, electrical, and software disciplines in Penta’s organisation.
This code was assumed to be important enough to become a subtheme because it
was directly connected to Research Question 1, as the code touch upon communica-
tion strategies between engineers from different disciplines. Following this logic, all
subthemes were derived based any connection to at least one of the research ques-
tions. Some thematic codes were grouped together to form many to one relation
with subtheme, while other codes had one to one relation with a subtheme. Not all
codes were used to form subthemes as those were not deemed to be connected to

the research questions. The subthemes were then put into an existing framework
which is the BAPO model.

Transcript Subtheme 1

Figure 4.3: How multiple codes became a subtheme
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4.5 Principles and guidelines followed

This thesis follows both the guidelines outlined by Hevner et al. [40] and the adap-
tation for the Software Engineering and Technology master’s program at Chalmers
provided by Knauss [41]:

Problem Relevance: The misalignment of MES engineering practices is a
significant industrial challenge that unless properly addressed will result in
acceleration of diminishing returns for engineering.

Research Rigor: Methods such as semi-structured interviews were applied
consistently.

Semi-structured interview study: The problem space was explored incre-
mentally through interviews with people for various backgrounds, perspectives
and organisations.

Research Contributions: Contributions are made toward understanding of
MES integration at new setting of Original Equipment Suppliers of Embedded
Systems
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Results

This chapter will contain findings from the semi-structured interview study, by pre-
senting the themes identified during thematic analysis. A complete list of all the-
matic codes can be found in Appendix A. The interview material have been analysed
according to Braun and Clarke’s updated thematic analysis method [36], where the
authors proposed a six-stage process for data preprocessing, thematic coding and
theme creation.

The interview codes were organised using BAPO model. Each following section
will explain the Business, Architecture, Process and Organisation aspects of Penta’s
current situation. Detailed analysis will be presented in Section 6, Discussion.

5.1 Business

The interviews describe two opposing views: advancing business deals with highly
customised products (which drives up development costs) versus keeping those costs
down. A strong customer centric sales strategy, without a strict platform architec-
ture has resulted in more product variants than the organisation can track, leaving
teams to rely on Excel and ineffective PDM tools. The subthemes below will explain
the business challenges in more detail.

5.1.1 Subtheme B1l: Reuse economics’ benefits and limits

Recognised problem. Penta’s business model encourages reusing hardware and
software components across Volvo Group to spread development costs. However,
adapting shared assets to Penta’s unique applications introduces effort and cost.
Some interviewee respondents expect "a breaking point" where component reuse
becomes more expensive than focused in-house development for certain systems.
Interviewees suggested. There are no suggested solutions. Mentioned by:
Person 1 (Code 1); Person 4 (Code 1, Code 2, Code 3).
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Suggested
Subtheme by respodents

Reuse economics'
benefits and limits

Mew product variants

Sales acceleration can only by created

without early by Product
Theme validation Development,
not Sales

Only allow product
variants within
platform architecture

Customer offers vs.
platform architecture

Reduce internal
complexity at Penta
to open resources for
external complexity

External system
coupling raises
internal costs

Create new
rule-based
configuration process

eed for predictable’
configuration in sales-
as-a-gervice

Figure 5.1: Business subthemes and respondent recommendations

5.1.2 Subtheme B2: Sales acceleration without early vali-
dation

Recognised problem. New products are suggested to customers before thorough
technical validation, due to commercial pressure. Insufficient technical validation
causes misunderstandings between sales and engineering and results in expensive
fixes later in development. Interviewees described reliance on late physical pro-
totype testing and integration bottlenecks, making problems harder and costlier to
resolve. Product variants can enter the sales flow without sufficient review, which un-
dermines platform rules and contributes to uncontrolled complexity. Interviewees
suggested. To counterbalance businesses pressure, the authorisation for creating
new product variants should be transferred from sales organisation to product devel-
opment organisation. Sales should be able to propose new product variants but not
be able to add those variants without explicit approval from product development,
who should validate and authorise any suggested variant before it can be offered to
customers. This suggestions could potentially slow down business deals alignment
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with technical constraints and platform rules. Mentioned by: Person 3 (Code 1,
Code 6, Code 7); Person 6 (Code 4); Person 7 (Code 3).

5.1.3 Subtheme B3: Customer offers vs. platform architec-
ture

Recognised problem. Prioritising business deals at the expense of following a
platform architecture has increased the number of product variants and increased
product complexity. Sales engineers are not able to keep up with advancements and
complexity of electrical vehicles and thus confuse EVs with simpler logic of diesel
system which creates complexity when it previously did not exist. Interviewees
suggested. By only allowing product variants within pre-defined platform archi-
tecture, there will be less product variants and less complexity. Mentioned by:
Person 4 (Code 5, Code 6).

5.1.4 Subtheme B4: External system coupling raises inter-
nal costs

Recognised problem. Penta is a supplier that has customers that often combine
Penta products with other suppliers’ components, adding integration challenges that
Penta cannot control. Interviewees suggested. It is implied that reducing internal
complexity at Penta is necessary so that external complexity outside of Penta’s
control is easier to absorb. Mentioned by: Person 6 (Code 6).

5.1.5 Subtheme B5: Need for predictable configuration in
sales-as-a-service

Recognised problem. As offerings become more service-like, customers need sim-
ple interfaces and predictable configuration pathways. Interviewees suggested.
Interviewees expect codified rules to help customers and sales navigate legal and
market constraints and platform limits. The mechanism of a rule-based configu-
ration is presented in the Process section and is proposed, but not yet deployed.
Mentioned by: Person 1 (Code 3).

5.2 Architecture

Interviews described how asset sharing across Volvo Group helps Penta to lower
their development costs, but also creates complexity when Penta specific adaptations
are required. Respondents also reflected that although local platform architectures
exist at Volvo Trucks and Volvo Construction Equipment, there is the lack of a
unified group-wide architecture. The subthemes below will explain the architectural
challenges in more detail.
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5.2.1 Subtheme A1l: Internal vs. external development trend

Recognised problem. In earlier years Penta relied heavily on imported software
due to limited in-house capacity. In the last five years, there has been a shift
towards more internal development. Interviewees suggested. A respondent from
Volvo Group Trucks Technology believes that if hardware and software complexity
keeps rising, then more components will be developed in-house from scratch. This
challenge is also present at Volvo Penta. Having more software development in-
house to combat increasing software complexity, can be directly applied at Volvo
Penta. Mentioned by: Person 4 (Code 1); Person 8 (Code 4); Person 9 (Code 6).

Suggested
Subtheme by respodents

Have more in-house
software development]
to combat increasing
software complexity

Internal vs. external
development trend

Theme

COwverlooking platform
architecture

Architecture }

Create a unified
architecture across
Volvo Group

Lack of unified
architecture across
Volvo Group

Introduce tools with
rules for valid product
combinations,
available to
all at Penta to reduce
internal complexity

Rising product
complexity

Figure 5.2: Architecture subthemes and respondent recommendations

5.2.2 Subtheme A2: Overlooking platform architecture

Recognised problem. Historically, Penta prioritised customer demands over plat-
form architecture, contributing to a growing number of product variants and greater
complexity. Interviewees suggested. There are no suggested solutions. Men-
tioned by: Person 4 (Code 5).

28



5. Results

5.2.3 Subtheme A3: Lack of unified architecture across Volvo
Group

Recognised problem. Other Volvo companies have their own architecture frame-
works, but there is no single unified framework across the Group. Respondents from
Penta and Volvo Construction Equipment have expressed a desire for unified archi-
tecture, and ongoing dialogue exists, though no concrete progress was reported.
Interviewees suggested. Create a unified architecture framework across Volvo
companies. Mentioned by: Person 7 (Code 6); Person 11 (Code 6); Person 12
(Code 4); Person 13 (Code 2).

5.2.4 Subtheme A4: Rising product complexity

Recognised problem. Interviewees mentioned that product complexity is growing
faster than supporting models and tools can handle that complexity. Interviewees
suggested. Introduce tools with rules for valid product combinations, available to
all at Penta to reduce internal complexity. A respondent from Volvo Construction
Equipment mentioned benefits of using Common Architecture Shared Technology
(CAST) to address product complexity. Mentioned by: Person 1 (Code 2); Person
2 (Code 2); Person 4 (Code 5, Code 6); Person 6 (Code 5, Code 6); Person 9 (Code
2); Person 11 (Code 4); Person 12 (Code 5); Person 13 (Code 1).

5.3 Process

Interviewees described Penta’s product configuration and development processes
as fragmented, ad-hoc, and heavily reliant on tacit knowledge and manual docu-
mentation. Customers are often required to make configuration choices too early,
inherited practices from other Volvo companies do not always fit Penta’s context,
and responsibilities for authorising new variants remain unclear. Testing and ver-
ification are primarily late-stage and field-based, with limited simulation capacity.
The subthemes below will explain the process challenges in more detail.

5.3.1 Subtheme P1: Disagreement on configuration pro-
cesses (CTO vs ETO)

Recognised problem. There are different perspectives differ on what process
Penta follows, weather it is Configure-to-Order (CTO) or Engineering-to-Order
(ETO) processes. ETO involves a close relationship with clients by a selling prod-
uct that is highly customizable to customer needs. CTO involves creating product
from a range of predefined options. Interviewees suggested. Some respondents
recommend to Penta adopt a new official strategy to fully embrace CTO process
in practice. This implies limiting the sales team to only suggest products from a
limited configuration rule-set, so than the company can offer products that has been
verified before suggested to customer. This can decrease the amount of maintenance

needed after a product has been shipped to the customer. Mentioned by: Person
1 (Code 6); Person 7 (Code 1, Code 4); Person 8 (Code 6).
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Suggested
Subtheme by respodents

Disagreement
on configuration Embrase CTO in
processes (CTO vs practice
ETO)
Configuration tool Create new
and configuration rule-based
Theme space configuration tool

Early versus late
customer choices

Improve early-stage
verification and
testing to speed up
the physical tests

Testing and
verification practices

Replace fragmented,
document-driven
approaches with
MBSE practices

Legacy and paper
document processes

Figure 5.3: Process subthemes and respondent recommendations

5.3.2 Subtheme P2: Configuration tool and configuration
space

Recognised problem. There is no unified process for how products can be con-
figured. Product variants are created ad-hoc in response to new orders. There is
a perceived resistance to adopt rule-based processes because they threaten estab-
lished habits and informal knowledge. Customers sometimes want to delay choices,
but the process requires early decisions. Invalid variants are sometimes proposed to
close business deals, increasing late rework. Interviewees suggested. Develop a
configuration tool containing a ruleset of all valid product combinations. Define the
full configuration space of possible product variants to guide what can be offered.
Mentioned by Person 1 (Code 4, Code 5); Person 2 (Code 1, Code 4, Code 6);
Person 3 (Code 1); Person 6 (Code 4, Code 5); Person 7 (Code 2, Code 3); Person
13 (Code 4).
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5.3.3 Subtheme P3: Early versus late customer choices

Recognised problem. Current processes force customers to make product choices
very early. This causes discomfort for customers wanting to purchase in bulk and
configure later. Existing flows are inherited from truck production and do not
fit Penta’s context. Interviewees suggested. There are no suggested solutions.
Mentioned by: Person 2 (Code 1, Code 5).

5.3.4 Subtheme P4: Testing and verification practices

Recognised problem. Testing is heavily reliant on expensive field tests and late
integration. Penta lacks the budget to extensively test with suppliers and instead
imports tests with inherited components. Integration and validation are often de-
layed until late stages. Interviewees suggested. Increase simulation of component
interactions to reduce dependence on physical test rigs. Improve early-stage veri-
fication and testing in the mechanical domain to reduce rework and service costs.
Move toward continuous integration at the full product level as practiced at Group
Truck Technologies. Mentioned by: Person 2 (Code 3); Person 3 (Code 2, Code
6, Code 7); Person 4 (Code 4); Person 9 (Code 3).

5.3.5 Subtheme P5: Legacy and paper document processes

Recognised problem. Penta remains reliant on Excel and paper document-
oriented practices. There is no clear MBSE adoption strategy. Interviewees sug-
gested. Replace fragmented, document-driven approaches with MBSE practices, to
create shared and consistent artefacts across disciplines. Mentioned by: Person 7
(Code 5); Person 8 (Code 1, Code 2, Code 5).

5.4 Organisation

Interviewees described organisational challenges at Penta related to risk aversion,
overlapping transformations, unclear responsibilities across disciplines, and con-
fusion about process ownership. Respondents highlighted that changes are often
seen as risky with uncertain rewards, and large-scale organisational fixes lack clear
leadership. At the same time, several enablers for cross-disciplinary collaboration
were identified—such as early working sessions, plain-language communication, co-
location, and project-paired teams. Suggestions focused on moving variant authori-
sation responsibilities to Product Development, clarifying ownership across Mechan-
ical, Electrical, and Software domains, and adopting enablers that directly address
barriers in collaboration. The subthemes below will explain the organisational chal-
lenges in more detail.
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5.4.1 Subtheme O1: Risk aversion and overlapping trans-
formations

Recognised problem. Large-scale organisational changes are perceived as too
risky with uncertain rewards. Penta’s organisation is undergoing multiple simul-
taneous transformations (e.g., shift to systems rather than components, electrifi-
cation, new workflows), requiring cultural change and alignment. Interviewees
suggested. There are no suggested solutions. Mentioned by: Person 2 (Code 4);
Person 3 (Code 8).

Suggested
Subtheme by respodents

Risk aversion and
overlapping trans-
formations

Theme

Move authorisation
for creating new
product variants from
Sales to Product
Development.

Responsibility for
product variants

Organisation

Create one role
responsible for
coordinating
mechanical, electrical,
and software
disciplines

ack of unified cross-
disciplinary role

Figure 5.4: Organisation subthemes and respondent recommendations

5.4.2 Subtheme O2: Responsibility for product variants

Recognised problem. Current organisational setup allows Sales to create and
push through new product variants, creating complexity. Responsibility boundaries
between Sales and Product Development are blurred. Interviewees suggested.
Move authorisation for creating new product variants from Sales to Product Devel-
opment. Mentioned by: Person 6 (Code 4); Person 7 (Code 4).

5.4.3 Subtheme O3: Lack of unified cross-disciplinary role

Recognised problem. There is no single organisational role covering Mechanical,
Electrical, and Software. Although some roles partially unite electrical and software,
no individual has a centralised oversight or accountability over all three disciplines.
This gap causes integration delays and coordination difficulties for cross-disciplinary
teams. Major issues are resolved within projects, but no one is responsible for im-
proving processes across the line organisation. Interviewees suggested. Penta
would benefit from reordering internal organisation so that one person will have
responsibility for all three of mechanical, electrical, and software disciplines. Men-
tioned by: Person 8 (Code 1, Code 2).
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Discussion

This thesis aim to understand how mechanical, electrical and software engineers can
better align workflows, tools and communication during the early-stage engineering
design process. This thesis examined 15 interviews, and organised the results based
on Business, Architecture. Process and Organisation themes of BAPO model [27].

6.1 Platform architecture

There is a desire at Penta to stay responsive to customers preferences and allow any
modifications that satisfy customers needs. That only works if business options,
in this case new product variants, are defined in a platform architecture, which is
currently not the case at Penta. There is a platform architecture called "Common
Architecture & Shared Technology" (abbrivated CAST), and both Volvo Trucks
and Volvo Construction Equipment have their own versions of it. Penta has no
CAST, which means business has no proper architecture that can manage product
variability. As long as business is without a platform architecture, complexity costs
will appear later as higher maintenance costs for all products that Penta sells.

A key difference between Volvo Trucks and Volvo Construction Equipment, on one
hand, and Volvo Penta, on the other hand, is volume and mass-production capa-
bilities. Volvo Trucks and Construction Equipment can design a product and then
manufacture thousands of identical units. Volvo Penta, by contrast, builds one-offs
or very small volumes of certain products. This small volume approach complicates
efforts to introduce an architecture platform, because there are so much customer-
specific work versus what could go into platform. This could explain why it has
been difficult for Penta to adopt a platform based approach and why the Volvo
Trucks and VCE platforms platforms do not translate to Penta: they are optimized
for high volume products. For Penta, this mismatch can potentially be resolved by
having an discussion about their business strategy before moving forward with a
platform architecture. For future research, it would be interesting to dive deeper
into platform architectures that fits small volume, unique customers order models,
such as those at Penta.
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6.2 Configuration tool

There have been suggestions fix the growing number of product variants by creating
a configuration tool with codified rules. Those rules are meant to limit what kind
of product variants can be suggested by Penta sales to prevent a situation where
product variants with non-existing module combinations are proposed to customers.
The main issues with product variants with non-existing module combinations is
expensive engineering effort needed to verify the variant. A more cost-effective so-
lution would be to strongly encourage sales to only use tested and existed module
combinations. A such potential configuration is supported by rule-based validation
methodology [19] (see section 2.7.1), specifically a formal configuration rule language
to define valid configurations, and tool that verifies no configuration rule violation.
The configuration tool can be created in way that can enforce 4 steps (proposed by
van Gurp et al. [22] ) for variability management, namely: identification of variabil-
ity, constraining variability, implementing variability, and managing the variants.

This theoretical, but currently non-existing tool, can not replace a platform archi-
tecture, instead a configuration should be used as a complementary tool that will
improve Penta’s architecture and by doing that also become a part of Penta’s pro-
cesses. Penta currently relies on engineers know-how on what module combinations
in product variants can be used. For Penta, this configuration tool could poten-
tially automate this process by showing valid combinations for the tool users. If
the configuration rules are made explicit in the tool, invalid combinations can be
stopped in early stage instead of discovering them in late tests or in the field. At
the same time, product variability management gives controls over variation points
which is in line with Model-Based Systems Engineering [25]. For researchers, this
configuration tool could be evaluated in a new pilot study to measure real effects of
such tool in industry settings.

6.3 Product variant growth

Across interviews the same problem was repeated multiple times: product variants
keep growing, while Penta’s current tools and processes can not keep up. From
a product-line perspective, this is under-constrained variability. The fix is better
structure: declare variation points, constrain them, and manage families intention-
ally rather than cloning one-offs. BAPO can help explain that if business flexibility
is pushed without adding architecture and process safeguards, then initial product
cost will move downstream and increase integration, testing, and maintenance costs
instead.

Penta currently relies on tacit know-how and ad-hoc flow around new variants. A
more deliberate process would make the product variation points visible, debugging
errors possible, and the responsibilities unambiguous. BAPQO’s process questions are
a good checklist: what can be predicted early, where is there repetition, and how
do we measure progress. A set-based rhythm helps here—start wider, use criteria
to narrow, and commit only when we have enough information. If we make MBSE
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artefacts (models, interface checks, simulation results) part of the gate deliverables,
verification moves earlier without losing control. Interviewees ask for exactly that:
clearer gates, earlier evidence, fewer exceptions. The goal is not bureaucracy; it is
to make the cheapest checks happen first and to push only feasible variants forward.

6.4 Late testing

Respondents describe a reliance on late field tests and rigs. That is expensive and
slow, and it tends to hide integration issues until the last moment. The alternative,
that was identified during interviews, was earlier simulation and more system level
integration testing. This is consistent with the MBSE idea of moving verification
and validation earlier by use shared system models, making interfaces explicit, and
attaching checks to models instead of to the final build only. Combining MBSE
with SBCE can help exploring a many credible product options, test them quickly
in models, and save weak solutions, as options for later use. A problem that was
consistent throughout the interviews was that mechanical, electrical, and software
engineers need a shared picture of the system earlier, and that picture needs to
carry the right details for each discipline. Systems Engineering and MBSE provide
practical solutions such as modelling a product structure, the interfaces, and the
behaviour centrally, which should make the transfer from one discipline to another
explicit and check the changes as the design evolves.

6.5 Organisation

Finally, none of this holds without organisational support. Challenges such as un-
clear ownership over Mechanical, Electrical and Software disciplines and resistance
to change are socio-technical. It was suggested to create a new unified role for a
person to coordinate Mechanical, Electrical and Software disciplines. To set up new
platform architecture, and complement it with configuration rules, there need to
be new roles and routines that back them up. That means clarifying who owns
which interface, who approves variation at which level, and how line organisations
maintain and improve the process over time.

6.6 Contributions

This thesis was designed to explain why configuration and variant complexity accu-
mulates and how it propagates across Business, Architecture, Process, and Organi-
sation dimensions. To support this aim, 15 semi-structured interviews were used to
gather data about Volvo Penta’s current situation.

New dataset A qualitative dataset was created from sixteen anonymized interviews
across multiple Volvo companies, spanning business, architecture, process, and or-
ganizational dimensions. The scope was designed to capture pain points of Penta.
This dataset constitutes a reusable baseline for future evaluation and interventions
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which could enable future work whether the same challenge persist or whether future
interventions have altered them.

Use case of BAPO model A thematic coding approach was shown where inter-
views were analysed based to Business, Architecture, Process, or Organisation. By
structuring the analysis with BAPO, cause—and—effect chains could be traced, for ex-
ample, optimistic sales promises lack of architecture, late verification and ownership
ambiguity. And as the result, this thesis recommended Penta to have a discussion
about business strategy before moving forward with a platform architecture. Then
create a new configuration tool to be used to together with new platform architec-
ture, while that tool would support MBSE and SBCE practices and change Penta’s
organisation to support the new tool.

Participants and coverage. 15 interviews were conducted across roles such as ar-
chitects, project managers, systems engineers, technology leads and R&D managers.
Participants were selected from different cross disciplinary backgrounds within me-
chanical, electrical and software disciplines, across different Volvo units to gain a
variety of expert opinions. In each interview session, questions prompts were tailored
to the respondent’s expertise to get the most useful information for this thesis.

Interview protocol and accommodations. An interview guide was prepared
and then adapted depending on different interview situations. When interviewees
represented other Volvo companies, questions were changed to transfer their prac-
tices and unique conditions to Volvo Penta. In this way, examples grounded in the
other Volvo companies were encouraged to gain a different and relevant point of
view to that of Penta.

Data handling and coding. All interview transcripts were anonymized and then
coded using a six-stage thematic process: familiarization, initial coding, theme gen-
eration, review, definition, and reporting. Coding was constrained to statements
relevant to the research questions and organizational context, while proprietary de-
tails were excluded by design. Codes were subsequently aggregated into themes
anchored to the BAPO dimensions so that each finding was located within one of
the four dimensions.

6.7 Limitations and threats to validity

Internal validity This thesis relied on observations of Volvo Penta’s workflows,
more specifically opinions from interviewed employees. This introduced a poten-
tial for confirmation bias among the respondents to view the situation only through
Penta’s perspective. To address this threat, candidates were selected among 5 differ-
ent Volvo companies (including Volvo Penta) to get viewpoints of companies with
similar issues and presumably existing solutions. When conducting comparisons
with other organizations’ practices, there is a risk that external actors could hold
back vital information due to competitiveness and integrity considerations, thus lim-
iting the applicability of that knowledge. To address this threat, interview partici-

36



6. Discussion

pants from within Volvo Group companies were chosen. This has encouraged trust
and openness in sharing important details regarding questions that were asked dur-
ing interviews. To mitigate role bias, interview candidates from different roles and
organisations were selected. The roles included architects, systems engineers, project
manager and leaders from five organisations. This role diversification reduced bias
of one role influencing the results, and made the discussion more nuanced.

External validity This thesis aimed to understand root cause of the challenges ex-
plored and identify explanations that can be generalised to larger number of cases.
Given the nature of the interview process, the conclusions that were generated can
be generalised to other organisations within Volvo Group or outside actors that
specialize in embedded systems domain not excluding original equipment suppli-
ers within that domain. A sample of companies with expertise in both software
and hardware was used; although some organisations such as Volvo Penta have a
larger focus towards internal hardware development than software one. This can ar-
guably be a positive aspect for Penta to learn practices from similar companies with
more internal software development. Thus, this report contains a more detailed and
nuanced picture than if cases with less software development were included. The
selected companies are of diverse size; with 2 out of 5 companies reported having
between 150 and 250 employees [42, 43]; while the rest have at least 1000 employed
in Sweden alone [43, 44, 45]. Only medium or large sized companies can maintain
organisations large enough that cross-disciplinary collaboration would become too
complex and too expensive to be dealt with ad-hoc. Smaller companies, on the other
hand, might not face these issues with the same severity, but some could face the
challenges on a smaller scale.

Delimitations This thesis has been setted up to contain the scope within a time-
frame of a Master Thesis. The study itself was limited to include Gothenburg offices
of participating Volvo companies, without any supplier, customer or any organisa-
tion outside of Volvo Group. It should be noted that CPAC Systems is part of Volvo
Group, although not containing the brand of Volvo in its name. The data collec-
tion was restricted to semi-structured interviews, without any quantitative research
methods, such as surveys as those could yield the desired goal of understanding, not
quantifying, the challenges at hand. The roles of interviewee were chosen to reflect
their knowledge an involved in the company.

During planning of this thesis, there was an idea of interviewing people with different
levels of experience and at different types of hierarchies, more specifically interview-
ing junior engineers. This idea was initially dropped as it became clear that lack of
experience and lack of influence on other’s work would of juniors would not those
employees relevant. This claim is supported by the likes of Klug and Bagrow who
suggest that higher levels of experience and influence are factors to consider in group
dynamics to ensure that people can cooperate in the best way possible [46].
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6.8 Future work

To advance knowledge creation, there are three tracks that can build on this study
and turn the themes into something that be can tested, compared, and improved
over time.

Pilot the configuration tool in a new project. The immediate next step is a
constrained pilot where researcher can encode a minimal ruleset (option constraints
+ interface checks) and bind it to the system model. Scope it to a few product with
real variation (e.g., a handful of hardware—software options). The goal is to prove
that “rule before build” reduces invalid configurations reaching rigs and cuts the
time spent on hand-offs. Define a clear owning role for rules, a change path, and an
approval step, so organisation can be prepared.

Bind rules to MBSE artefacts so violations show up where they are cre-
ated. In a future project with configuration, every rule should reference a concrete
model element (interface, allocation, requirement) so that a broken rule points to
a location in the model, not an abstract checklist. Designers will be able to see
violations as they work, and system leads review evidence without spending time
debugging integration issues and rule violations manually.

Reuse platform and interfaces across different organisations. Several inter-
viewees mentioned cross-unit reuse as both an opportunity and a source of problems.
In future a small cross-unit working session can suggest “do not fork” interfaces and
define their variation points explicitly. This could test if there will be faster inte-
gration if options change.
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Conclusion

This thesis aims to understand how mechanical, electrical and software engineers
can better align workflows, tools and communication during the early-stage engi-
neering design process and how it propagates across Business, Architecture, Process,
and Organisation (BAPO) layers within Volvo Penta. A qualitative design based
on sixteen semi-structured interviews was employed, and findings were synthesized
through a BAPO-lense.

Across the Business layer, it was found that new product variants were frequently
accepted before early technical validation, which expanded a potential configuration
space in ways that were not explicitly bounded. Exceptional product cases were
allowed to be added to enable short-term deal closure and are currently a norm.
Without visible safeguards, expectations in product variants set in ways that later
collided with technical feasibility. Penta lacks a platform architecture, while varia-
tion points, dependencies, and constraints were not represented in a uniform man-
ner. Traceability from customer-facing features to hardware/software variants was
incomplete, which introduced friction in reuse and integration. On the Process side,
requirements and configuration rules were scattered across tools and repositories,
verification was concentrated late, and feedback loops back to product definition
were slow and manual. At the Organisation level, decision rights for introducing
or modifying variants were fragmented, and overlapping transformations diluted ac-
countability for configuration quality. Taken together, these findings depicted not
a single root cause but a set of reinforcing loops through which local optimizations
produced global instability.

Anchored in these findings, a configuration-tool concept was specified for the local
context. The proposed tool is presented as a complement to establishing a new
architecture at Penta. The concept emphasizes (i) transparency, with rules and
constraints recorded with change history, (ii) guidance, with early detection and
prevention of invalid combinations, and (iii) governance with role-appropriate work-
flows that bind product decisions to architectural variability and release processes.
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Appendix

A.1 Person 1 - Volvo Penta

e Code 1: Component reuse within Volvo Group. As part of their busi-
ness model, there is internal collaboration where Penta chooses and modifies
components from other Volvo Group companies to meet Penta’s needs. This
aims to maximise total profitability by sharing development costs among all
projects.

e Code 2: Increasing product complexity. The complexity has increased
exponentially faster than the supporting information models and tools.

e Code 3: Shifting customer expectations. There is a market shift to-
ward sales-as-a-service. Penta can not expect external parties to be experts
on Penta’s product, so there is a demand to simplify product interfaces and
automate new product creation with "codified rules".

e Code 4: Defining configuration space. There are no established rules
or standards on how a new product can be configured. The current way-of-
working is experimental progression where a product variant is created ad-hoc,
based on new customer orders. This has lead to inconsistencies in how product
offerings are understood and documented internally in Penta.

e Code 5: Internal resistance to structured configuration tools. There
is cultural resistance to deploy new rule-based systems. This is partly due to
old habits but also subjective trust in informal knowledge built by years of
experience.

e« Code 6: Different opinions on product strategy. There are different
perspectives on how the current processes should work. The opinions dif-
fer on whether the company should design products from pre-defined options
(Configure-to-order), or design products based on unique customer require-
ment specifications (Engineering-to-order).
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A.2 Person 2 - Volvo Penta

Code 1: Early vs. late configuration. The respondent explains that
Volvo Penta’s current processes needs the customer to make product choices
very early. Some customers want to buy Penta’s products in bulk and on the
contrary finalise the configuration later.

Code 2: Increasing complexity. Each addition of hardware and software
combinations increases the number of potential product variants. The current
tools can not to handle this growing complexity.

Code 3: Limited testing capacity. There is no working system for early
validation or simulation of all possible variants, before the product is assem-
bled. This forces the company to use test rigs and perform "tests in the field"
to integrate the components late in the development process. This practice
is expensive and time ineffective. A early stage detection is preferred by the
interviewee.

Code 4: Organisational caution towards large changes. Large-scale
fixes are perceived as being to risky with uncertain rewards. Without a com-
pelling case major process or IT infrastructure may be de-prioritised.

Code 5: Inherited processes unsuitable for Penta. The configuration
flow is inherited from other Volvo companies and is optimised for truck produc-
tion. The respondent notes that this process may not fully align with Penta’s
unique operations and product offering.

Code 6: Reliance on experts & informal knowledge. Correctly config-
uring a product requires deep tacit knowledge held by very few people, while
the current tools can not prevent technically invalid configurations.

Code 7: Cross-disciplinary communication barriers. The respondent
observes that different terminology and technical jargon creates communica-
tion barriers between engineers and decision-makers. New ideas need to be
communicated in a language that is understood by all parties to create real
impact and a sense of urgency.

A.3 Person 3 - Volvo Penta

IT

e Code 1: Alignment between business and technical teams. The re-

spondent has mentioned challenges in communication between technology and
business teams. Misunderstandings and expensive fixes can arise when prod-
uct variants are proposed by the sales organisation, without thorough technical
validation, in order to accelerate business deals.

Code 2: Evolving customer needs during development. New customer
requirements and commercial opportunities can emerge mid-project. These



A. Appendix

changes can alter the project scope and require additions that were not ac-
counted in initial planning, which increases the workload for engineers.

e Code 3: Strategic move towards in-house software development.
Penta is increasingly taking more responsibility for development of software,
to meet their specific needs. This is a long-term shift from the current ways-
of-working where Penta inherits, modifies and integrates complete software
from other Volvo companies. This strategic choice is due to rising software
complexity and need for tailed solutions at Penta.

o Code 4: Integration challenges across engineering teams. Mechanical,
electrical, and software parts are developed at different timelines. While me-
chanical components are long-lived and stable, electronics and software evolve
quickly. This leads to integration challenges at later development stages.

o Code 5: System-level requirement and alignment challenges. System-
level requirements are sometimes unclear, which leads to confusion about what
is needed versus what is available. This places pressure on system engineers
to add new system requirements ad-hoc.

e Code 6: Enhancing early testing and simulation practices. There
is a demand to improve early-stage verification and testing in the mechanical
domain. This could speed up validation and decrease reliance on physical tests
of prototypes in the later stages.

o Code 7: Integration bottlenecks and late testing. Integration and test-
ing effort are sometimes delayed until later stages on the final product. Setting
up early validation could improve the product quality and reduce the service
costs of urgent repairs on products in use.

e« Code 8: Organisation scaling and change management. The organi-
sation is undergoing multiple and overlapping transformations. These include
shifting from component sales to system offerings, electrification, and integrat-
ing new workflows. All of these require internal cultural change and alignment.

A.4 Person 4 - Volvo Penta

e Code 1: Limited in-house development. Penta chooses to outsource
software development to reduce of the cost of internal development. Efforts
are focused on reusing software within Volvo Group, this includes connecting
existing software subcomponents and adding minimal modifications, rather
than coding from scratch.

e Code 2: Strategic reuse vs. customization trade-offs. While software
and hardware reuse is encouraged to reduce cost and maximize return on
investment, Pentas’s unique applications require additional fixes that increase
complexity and cost. The company frequently faces decisions on when it’s cost-
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efficient to adapt shared components vs build new components from scratch.

Code 3: Long-term limits of reuse economics. The respondent believes
that there will be a breaking point when reuse is no longer cost-effective. Penta
sells many different systems, some of which are produced in low volumes, which
means that fully internally-made components are too expensive per unit. Yet
outsourcing still requires costly integration, maintenance and testing efforts.

Code 4: Shared testing capabilities. Other Volvo companies have larger
budgets and a capacity to extensively test components with their suppliers.
This helps Penta to keep a tighter budget by importing tests when the com-
ponents are inherited from other organisations.

Code 5: Growth of product variants due to customer demand. A
strong customer centric sales strategy at Penta has led to prioritization of
customer demands, at the expense of following a platform architecture. This
has contributed to growing number of product variants and more product
complexity.

Code 6: Changing complexity and compatibility between different
components. Electric vehicles are more complex than traditional diesel or
gasoline systems. In the past it was often possible to mix and match compo-
nents freely, but this no longer works for electrical vehicles. EV systems have
unique requirements, so combining their parts without careful planning can
lead to new problems. This is challenge for sales who have not been keeping
up-to-date with new technical advancements and complexities of EV’s and
confuse EVs with simpler logic of diesel systems.

A.5 Person 5 - Volvo Penta

IV

e Code 1: Importance of sync meetings for early-phase alignment.

Early project meetings are important to align teams and resolve questions in
requirements, for example hardware and signal handling.

Code 2: Efficient sync meeting strategies. Meetings are more effective
when treated as working sessions with small focused teams. The respondent
believes in effectiveness of workshops, where the discussions are separated by
engineering function.

Code 3: Face-to-face interaction vs. written communication. The
respondent believes in the value of in-person collaboration, especially in the
early phases. In-person sessions help align team members and establish shared
understanding through active participation, while also providing a boost to the
team morale.
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A.6 Person 6 - Penta

e Code 1: Late adoption of systems engineering. System Engineering is a
relatively new and immature process at Penta. The respondent mentions that
after system-level requirements are created, the software is integrated with
hardware after-the-fact, instead of having software and hardware developed
currently.

o« Code 2: More testing & simulation is needed. To better test soft-
ware and hardware integration, more simulation of components interaction is
needed. The current ways-of-working with physical test rigs can not handle
all possible combinations of software and hardware components.

e Code 3: Late stage hardware-software shared development. The re-
spondent suggests that development should be shared among software and
hardware teams from the get go. To minimise costs and increase develop-
ment speed, specific details about implementation should be delayed until the
system architecture is defined and properly understood.

e Code 4: Authorisation and responsibility restructuring. The autho-
risation for creating new products variants (configurations) should be moved
from Sales to Product Development. Sales can suggest a new configuration,
but they will need to send their proposal to the Product Development who
will test, validate & authorize the new configuration so that it can be added
to the configuration space for Sales to use.

e Code 5: Decrease complexity through configuration tool. By creating
a tool that contains coded rules for all technically valid product combination,
known as the configuration space, and reduce complexity.

e Code 6: Customer driven complexity. Customers often combine Penta’s
products with other supplier components, in marine and industrial machines.
This creates an external complexity, outside of Penta’s control, which creates
a higher demand to decrease complexity at Penta.

A.7 Person 7 - Penta

o Code 1: Expectation and reality of manufacturing processes. There
is a perception that Penta operates in Configuration-to-Order, although the
company does not have mature tools for that. Instead the company operates as
Engineering-to-order where each new product order is catered to the customer
demands.

o Code 2: Lack of configuration options. A configuration/combination set
of all possible product variants is needed so that people can better understand
what products Penta can offer. There needs to be a governing model for how
a product is defined across Penta.
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Code 3: Constraining configuration space. The respondent believes that
a digital tool can contain the ruleset of all combinations. Each combination
in the ruleset needs to be verified and given a technical authorization by engi-
neering. Then a combination can be sent to Sales team that can offer that as
product that meets customer needs.

Code 4: Adopting configure-to-order in practice. The company needs
to adopt configure-to-order process in practice, to decrease product complex-
ity. If the Sales team can only suggest products from a limited configuration
rule-set, than the company can offer products that has been verified before
suggested to customer. This can decrease the amount of maintenance needed
after a product has been shipped to the customer.

Code 5: Document and process fragmentation. There is a difficulty to
manage the product complexity due to fragmented documentation and manual
way-of-working with product variants, such as having variants in local Excel
files. The respondent believes that current way-of-working is outdated and
should be replaced with Model-based System Engineering.

Code 6: Lack of shared architecture across Volvo Group. Volvo Group
has no unified architecture framework, although most Volvo companies has
their own architecture framework. Penta expressed a desire for an unified
architecture across all Volvo companies.

A.8 Person 8 - Penta

VI

e Code 1: Organizational silos. There are collaboration challenges caused by

Mechanical, Electrical, and Software teams working in silos. Although some
roles partially unite electrical and software, no individual has a centralised
oversight or accountability over all three disciplines. This organisational frag-
mentation leads to integration difficulties and delays, which necessitates cre-
ation of a new unified role.

Code 2: Project-based internal communication. The cross-disciplinary
communication is handled inside the project groups. When large issues are
identified, new project groups are created. Those groups are not responsible
for improving internal processes connected to the issues, instead the process
are supposed handled by line organisations which creates confusion.

Code 3: Project vs product development confusion. Some concept
products are marketed as complete solutions, without being extensively veri-
fied in early stages. In some cases, the software may not perform as intended,
and these projects are sold as application projects. At that point, Penta sends
people to fix the software so that it works locally for the customer. When
an update comes out, it overwrites what Penta had previously fixed at the
customer.
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e Code 4: Outsourcing of software development. Penta has historically
had no internal software development, instead their product development im-
ported all software from other Volvo companies and Penta’s subsidiary. In
the last 5 years, Penta has slowly started development more own software,
although most software is still imported from elsewhere.

o Code 5: Insufficient adoption of Model-Based Systems Engineering.
Penta still remains dependent on outdated document-oriented practices and
lacks a clear strategy for adopting modern Model Based Systems Engineering
practices for everyone involved in development.

o Code 6: Misalignment between official strategy and practice. There
appears to be an opinion difference in how Penta processes are perceived.
In practice, the organisation is doing Engineering-to-Order, which involves a
close relationship with clients and a product that is highly customizable to
their needs. However, there is belief that the company is doing Configure-
to-Order, which involves creating product from a range of predefined options.
The respondent highlights that Penta currently does not have the methods,
processes and tools to support Configure-to-Order.

A.9 Person 9 - Group Trucks Technology

e Code 1: System complexity management. The interviewee mentions
that a modern truck is a system-of-systems made up of many electronic control
units (ECU). Keeping all those ECUs working together, while also measuring
their inter-dependencies, has become a primary engineering challenge in the
last decade.

o Code 2: Product complexity control. A strong customer centric sales
strategy that prioritises selling the exact product the customer wants, creates
exponentially more hardware-and-software combinations. The company con-
trols complexity by limiting the options their customer can choose from when
configuring their product.

e Code 3: Insufficient continuous integration & complete-product test-
ing. The respondent firmly believes that true quality, comes only by integrat-
ing the complete product as often as possible. The current component-only
continuos integration is insufficient and will become a challenge in the long-
term.

e Code 4: Iterative evolution over big-bang rewrites. Previous attempts
to replace legacy code with a brand-new platform have not succeed because
those attempts discarded the internal know-how during the transition process.
The respondent points out that sustainable change must come through small,
understandable steps that always leave the whole product working during all
stages of change.
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Code 5: Hardware centric mindset needs to change. The interviewee
suggests that some business leaders with hardware-centred expertise may not
fully recognise the unique long-term risks that are caused by rising software
complexity. This mindset slows down the necessary change to tackle software
complexity effectively.

Code 6: The need for more in-house software development. The
respondent believes that software & hardware sharing within Volvo Group is
profitable while the complexity is low. If the complexity continuous to rise,
each product line will need develop its own system from scratch.

A.10 Person 10 - Group Trucks Technology

VIII

Code 1: Strengthen business-engineering communication. The re-
spondent points out that improved knowledge sharing and clearer communi-
cation of technical jargon can offer opportunities to strengthen communication
between business and engineering units.

Code 2: Organisation scaling plans. The respondent’s organisation has
grown from 70 to 800 people. The processes and structures evolve to become
more mature so the larger organisation can work efficiently at this size.

Code 3: Truck’s software development. Group Trucks Technology makes
most of their software in-house. And the software can be shared to other
organisations such as Volvo Penta.

Code 4: Shared processes & component reuse across Volvo Group.
Using common tools, engines and production processes across Volvo companies
is described as a collective strength by avoiding each organisation “developing
its own products” and thus leveraging advantages of being part of a larger
group of companies.

Code 5: Limitations of current tools. The home-made PDM tool is
currently used among all Volvo companies and is well perceived among engi-
neers. As the company aims to become more software-driven, this tool does
not provide not enough support for system-of-systems workflows.

Code 6: Business influence on technical decisions. The respondent
mentions that business units may push for specific technologies, such as new
battery cells can that clash with system constraints. (voltage, packaging, cool-
ing) This creates a need negotiate to compare business value and engineering
feasibility side by side.
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A.11 Person 11 - Volvo Construction Equipment

e Code 1: Platform modernisation. The respondent explained that in the
last 15 years, his company created an abstract software platform where soft-
ware modules can nowadays be auto-generated based on feature flags. The
decision to create a shared software platform was a previous agreement to
create an electronics architecture so creating a shared architecture for both
electronics and software felt "natural”.

o Code 2: Physical co-location for efficiency. There are both formal and
informal meetings between software, electronics and mechanical teams. The
more serious problems are solved during formal meetings, while small changes
are handled informally. The software, electronics and mechanical teams seat
together on the same floor in the open-space office, so they can meet each
other in person and solve small issues faster.

e Code 3: Management-Engineering gap. The management usually has
a background in mechanics and electronics but not in software. So they do
not posses an intuitive understanding for growing software complexity, which
posses a challenge when trying to explain the severity of software complexity.

e Code 4: Software complexity growth. With time the codebase doubled in
size so the developers can’t keep all the code in their head any more. Instead
they use tools for drawing models to understand how one change in code, can
create unexpected effects down the line.

e Code 5: Geographical location and development speed. The software
development is split between the Swedish and the international software teams.
The respondent expressed an opinion that having more software developed in
Sweden makes the development go faster and easier.

e Code 6: Need for shared platform across all Volvo brands. The
respondent expressed a wish a shared electronics and software platform across
all Volvo brands.

A.12 Person 12 - Volvo Construction Equipment

e Code 1: Alignment starts in requirement. The respondent believes that
to make development more cost-effective, the requirements should be as general
as possible, without specifying any of the mechanical, electronical and software
discipline at the start. Then after evaluation, the details will be assigned to
the most cost-effective option, whether its mechanical, electronical or software
or a combination of them.

e Code 2: Cross-disciplinary requirements tool. The requirements are
not documented in one place, rather with different tools, including Excel. To
solve this, a new user-friendly tool for cross-disciplinary requirements docu-
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mentation is being slowly introduced.

o Code 3: Information sharing. The respondent expressed a desire for having
hardware, software and manufacturing information shared and accessible to
everyone.

e Code 4: Modular CAST Architecture. Common Architecture Shared
Technology is a reusable, cross-product electronics and software platform. It’s
used used to share design unit variants to form modules and modules are
combined to form machines.

o Code 5: Increasing Software Complexity. More ECUs, wiring and con-
trollers means more design options and the respondent expressed the need for
integrated methods.

A.13 Person 13 - Volvo Construction Equipment

e Code 1: Solving product complexity using architecture framework.
The software complexity has increased because of digitalisation, electrification,
automation and increasing service offering. To solve this, Volvo Construction
Equipment started using Common Architecture Shared Technology (CAST).

e Code 2: Component sharing among Volvo companies. There is an on-
going dialogue between Volvo Construction Equipment and Volvo Penta about
adopting the same framework. Once they introduce a common framework, the
two organisations easier can reuse each other’s modules.

e Code 3: Integrated hardware and software modules. There is a long-
term ambition to create complete modules that contain both hardware, soft-
ware and all ECU connections. This will reduce re-integration work as today
hardware and software are still joined together late product development work-
flow.

e Code 4: Configurator tool limits product variation points. Volvo
Construction Equipment’s sales configurator limits the customer to a few dozen
key choices. The tool auto-selects the mandatory market- and legislation-
enforced options, and also connects each choice to the correct hardware and
software variants for each unique build.

Code 5: Variability and complexity. There is a trade-off between design
variability and time (when each solution enters or leaves production across
multiple plants), and it creates an “explosion” of product variants, all of which
must be maintained for at least 15 years.

Code 6: Limited reuse from other Volvo companies. Only about a 20
percent of all components from other Volvo companies are currently reused by
Volvo Construction Equipment. It’s mostly engines that still require specific
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makeover for construction machines and unique documentation rules.

A.14 Person 14 - Volvo Autonomous Solutions

e Code 1: Business model and transport-as-a-service. Their business
model revolves around providing transport-as-a service. The company rebuilds
trucks into autonomous vehicles, removing the driver’s cabin, and offers these
modified trucks as a service to their customers. This shift towards a ser-
vice means that hardware-software integration is more important than ever,
because the services needs continuous operational updates to fix errors and
maintain high-quality service to their customers.

o Code 2: Software driven innovation. VAS has adapted software-driven
innovation as their software adds new functionalities faster than hardware can.
The attention to software development helps them to quicker adapt to market
demands and customer needs. As software evolves faster, this shift also fits well
with their service-oriented business, which enables VAS to remain competitive
and responsive to emerging trends.

e Code 3: Cross-disciplinary communication challenges. Different termi-
nologies between different teams can cause misunderstandings and delays. For
example, terms such as "deploy" for software can mean the word 'release" for
hardware. Different terminologies needs to be clearly documented to prevent
misunderstandings.

e Code 4: Resource bottlenecks for releases. Mechanical parts often have
long lead times, which creates a bottleneck in overall project schedules. A
new mechanical part can delay a release by 6 months, if a press mold for a
factory needs to be ordered. Bottlenecks make cross-disciplinary collaboration
difficult in practice.

A.15 Person 15 - CPAC Systems

e Code 1: Project-based communication. Communication between CPAC
and Penta is handled though regular meetings with dedicated teams. For
example, the leadership team at CPAC can have meetings with leadership at
Penta. Development of a new component triggers a new project at CPAC and
a new corresponding project at Penta, which kickstarts the communication
channel at both parts.

e Code 2: Improvements in system integration. CPAC deliver both hard-
ware and software subcomponents to Penta, as a part of a complete marine
system. While CPAC can manage a portion of the system, they do not always
have oversight of key components such as the engine or transmission. To im-
prove full system integration and compatibility, CPAC wishes for end-to-end
responsibility for the entire system they deliver to Penta.
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e Code 3: Improvement of requirement version control. There is an

XII

interest for improving the current requirement version control. The current
system create new versions when a requirements is changed, despite of what
the change is. Small changes, such as title change or typos in requirements
text are seen new version, which is something CPAC wishes to change as it
increases their administrative burden.

Code 4: Desire for a unified information model. There is an interest in
improving information sharing with a single system for hardware and software
sharing. However concerns exist over how a new tool could satisfied specific
needs for both hardware and software.
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