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Abstract 
Development of a modern vehicle involves integration of components 
from several organizations. Many components are mechatronic which 
means that they include mechanical parts together with electronics that 
actively enhance some property of the component. The electronic system 
is increasingly important to product behaviour as vehicle functions control 
and coordinates more of these mechatronic subsystems. As the operational 
functionality increase, the amount of built-in functions for lifecycle 
support such as production tests and diagnostics also increase. Integrated 
electronic components assists in all these goals of the system. Achieving a 
successful integration where the components fit is accomplished in the 
development phases preceding the integration. Problems in integration 
often lead to severe delays close to the start of vehicle production.  
This thesis presents results on the subject of integration of automotive 
electronic systems. Our studies aim at providing knowledge on how to 
integrate automotive electronic systems successfully in a setting where 
vehicles are developed based on existing platforms. We focus on early 
phases of automotive electronic system development and in particular on 
the decisions taken in integration of electronic subsystems. The 
contribution is the presented support for making decisions to successfully 
integrate electronic systems for modern vehicles. The contribution 
includes an overview of driving factors of automotive electronics system 
design, a validated set of success practices for the integration of electronic 
components, and the proposal and demonstration of a decision model. The 
influential factors and the validated set of practices stems from case 
studies of products and projects while the proposed decision model is a 
result of combining two general models for architecture analysis and 
decision making, the Architecture Tradeoff Analysis Method, ATAM and 
the Analytic Hierarchy Process, AHP.  
We demonstrate that choices in strategy and design preceding integration 
are central to achieve a successful integration. Our studies show that 
problems arise from omitted strategy decisions and we provide a checklist 
for decision making in the areas; functionality, platform, integration 
design, and assigning responsibilities.  We provide a recommendation that 
we validate in a multiple cases study where fulfilment of 
recommendations is demonstrated to affect project success in integration 
projects. The potential gain for OEMs using our results lies in achieving 
more solid foundations for design decisions. Designers and managers 
could potentially find central decisions on integration strategy early that, 
if omitted, could cause delays. Thus, applying the result could avoid 
pitfalls and enable successful integration projects. 
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“One day Alice came to a fork in the road and saw a 
Cheshire cat in a tree. Which road do I take? she 
asked. Where do you want to go? was his response. I 
don't know, Alice answered. Then, said the cat, it 
doesn't matter.” 
Alice's Adventures in Wonderland 

Lewis Carroll - 1832-1898 
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Chapter 1.   
Introduction 

Development of a modern vehicle is performed by joining components 
developed by several organizations; both internal and external to the 
vehicle manufacturer, referred to as the Original Equipment 
Manufacturer, OEM. Automotive OEMs desire both the benefits in cost 
and functionality by using specialized suppliers. Some of the ingredient 
components are available at the outset of a new vehicle development 
project while others may need to be developed. Today, vehicle 
components are often mechatronic, meaning that they include mechanical 
parts together with electronics that actively enhance some property of the 
component.  
The embedded electronic system in a vehicle is central to achieving a 
successful product and vehicle development is increasingly focused on 
electronic systems [1]. Electronics is involved and assist in achieving 
multiple goals in a modern vehicle. Vehicle properties such as comfort or 
handling, as well as optimized energy or performance, can be 
accomplished by distributed electronic functions coordinating vehicle 
subsystems. In addition to enhanced vehicle usage, life cycle aspects of 
the vehicle need to be satisfied by the electronic system, e.g., system self-
diagnosis and built in functional tests for production. 
The goal when designing a complete vehicle is to achieve a product that is 
optimal for its life cycle. Figure 1. shows the life cycle of a vehicle 
product involving development, manufacturing, use at customer, 
maintenance including service and repairs, and disposal. The product is to 
exhibit properties to support or enable these phases. Throughout the 
vehicle’s life cycle, numerous stakeholders require different things in 
order to handle their phase of the vehicles life cycle. The arrows in the 
figure show a range of desired properties that stem from different 
stakeholder requirements. The property requirements originate from an 
internal document at Volvo Cars. The range and diversity of requirements 
illustrates the basic notion of complexity in design of automotive 
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products. In order to make design decisions, we must understand what 
properties are required and which design choices achieves them. Each 
component should be designed to assist in achieving these vehicle system 
properties. Thus, each component is simultaneously involved in many 
goals.  

 

Figure 1.  Life cycle and stakeholders requirements 

The architecture of a system is generally considered to define its 
properties and architecture design is the activity that is aimed at solving 
complex sets of requirements. The IEEE defines architecture as “the 
fundamental organization of a system embodied in its components, their 
relationships to each other, and to the environment, and the principles 
guiding its evolution and design” [12]. This definition does not identify 
what choices are architectural and we consider the fundamental 
organization and principles as being the important design decisions. 
Which these are in a given system can be identified by architecture 
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analysis methods such as the Architecture Tradeoff Analysis Method, 
ATAM [6]. 
For an OEM some of these important design decisions are fixed. An OEM 
uses a vehicle platform as a basis for developing a new vehicle model. A 
vehicle platform includes system architecture, components, technology, 
process and tools that are common to, and reused in several vehicle 
models. In the same way, an electronic platform is defined by a series of 
design decisions and choices in electronic system architecture, electronic 
components, process, tools, etc. The main reasons for using a platform are 
to achieve goals in quality and cost through component sharing.  
In this thesis, we refer to the act of joining the electronic components as 
integration. This integration is done when components are becoming 
available in the later stages of development, but automotive systems 
typically include numerous platform components that may have been 
available early. Therefore, we also refer to integration as integrating 
components with a platform.  
Integration of components, like pieces of a puzzle, however, is 
straightforward if the components fit perfectly. “Click”, Integration. This 
click is difficult to achieve because of the complexity involved. The 
system is to exhibit many functions and properties, and can operate in 
many different modes. Thus, the contact surface or interface of the 
components is multi dimensional. A component should be integrated in a 
way that all the system level goals are met. Systems engineering tasks 
such as planning, choice of concepts and strategy is what precedes the 
integration phase. On the way to a perfect “click” integration, we need to 
decide how a component is to function and decide on technical solutions 
to interact within the system and best meet the numerous goals. Axelsson 
argues in [2] that the key issue in handling increasing automotive systems 
complexity is systems integration, which calls for increasing systems 
engineering capabilities. 
Failures in deciding the strategy and concepts of electronic integration can 
have severe impact on the development schedule for a complete vehicle. 
Electronic systems are integrated late in a vehicle project and a failure in 
integration possibly results in a late change of schedule. Electronic 
systems are integrated late simply because they are not ready before 
mechanical parts are finalized and controlling electronics can then be 
finally verified. Integration is not just an activity that will be prolonged if 
a failure is met. Instead, a failure indicates a flawed design and can force 
setbacks to earlier phases. If the component does not fit, the mismatch 
should be fixed and this could cause rethinking of central concepts.  
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Figure 2.  Integration in a product development process 

In this description, we would like to point out two important aspects of 
electronic integration.  
1. Integration is preceded by decisions on how the system components 

should interact, decisions that depend on the many system goals.  
2. Achieving successful integration is important because a failure can 

cause delay close to start of production, a delay that is associated with 
large costs and reduced revenues. 

Figure 2.  shows a generic development process based on the stage gate 
model [11] and shows that integration of components take place late in the 
detailed development phase. The detailed development phase is where the 
components of the product are implemented and verified. Only then can 
the integration take place.  Preceding the detailed development phase is 
the pre-study and the concept study phase. The pre-study involves 
eliciting requirements and the concept study involves defining the product 
architecture, which is the division into subsystems with defined 
responsibilities. When the functionality of the subsystems such as 
hydraulics, electronics, and electrics has been decided, the detailed 
development phase can start with implementing subsystems as planned 
and then to integrate them into a product. 
We have, in this thesis focused on the decisions preceding the integration 
and aim at providing support for successful integration. We attempt to 
provide support for making decisions on integration; which decisions are 
important and how to judge which choice among candidates is the best. 
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Example 
In order to illustrate we use an example. We describe a realistic example 
that involves design drivers, life cycle, and design and integration 
decisions and illustrates how they relate to the process of electronic 
integration. 
Service is an important aspect of the life cycle of a vehicle. In order for 
service shops to be cost effective, the diagnosis of a vehicle must be 
performed efficiently using only one service tool, i.e., a laptop computer 
running a single software tool. Using several tools would cause longer 
service stops for all vehicles with a resulting increase in time and cost. 
This is one of the driving requirements, which is listed among others in 
the pre-study. In the pre-study phase, the overall requirements are 
extracted from analyzing the market and a feature list and business case is 
produced. This phase may unveil that customers desire some improved 
property of, e.g., the brakes, such as longer maintenance interval, better 
performance or less noise. The concept phase may then show several 
suppliers that have a readily developed mechatronic brake systems that 
meet or can be made to meet the criteria. The concept phase involves 
evaluating and choosing a vehicle architecture and part of this would be to 
decide which braking system should be chosen. In order to evaluate 
candidates, criteria are set up and one such criterion is the feasibility of 
electronic integration. One of the issues in electronic integration would 
then be to decide on how to meet the aforementioned requirement of 
having diagnostic support in an OEM specific tool. The chosen brake 
system must, among other things, be made to signal its self-diagnosis 
information to the OEM service tool via the electronic system of the 
vehicle in a way that conforms to electronic platform standards. This and 
all other aspects of interaction with the vehicle system are decided as part 
of the integration strategy. 
Diagnostic strategy decisions, on the other hand, are part of the platform 
and a product project cannot change them. Instead, platform changes are 
made in a separate and longer life cycle for the platform product. 
Industry anecdote 
The issue of electronic integration is visible in industry magazines. One 
problem related to integration was reported in 2004 [4]. The OEM 
Mercedes was forced to recall 680 000 cars to fix a defect in an integrated 
brake system from the supplier Bosch by applying a software patch. Three 
years earlier, there was a failure of an integrated command system that 
made use of the navigator, audio system, and car phone. “It is difficult to 
integrate these gadgets into a vehicle’s infrastructure, said Stephan 
Wolfried, who is Mercedes-Benz’s vice president for electrical and 
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electronics and chassis development”. This case shows both that there are 
problems related to integration and that shortcomings can have severe 
consequences. 

1.1 Research questions 
Problem 
The problem with integration of electronic components in automotive 
electronics systems is essentially that failures cause project delay and that 
this is found out late. Failures in integration can lead to large extra costs in 
development and possibly delayed production. Some of the underlying 
reasons for failing in integration can be related to; 1, understanding 
requirements, 2, executing integration projects, and 3, making design 
decisions. 
1. Decisions on design and integration can turn out wrong if the 
requirements are not known. Handling requirements from numerous 
stakeholders and choosing a design that best meet them is a challenge.  
2. In addition, the time of integration can reveal problems if concepts and 
strategies for integration are not decided. These are worked out during the 
development project and there seems to be many factors for a complex 
system to consider. 
3. Design decisions are difficult to make when numerous and conflicting 
requirements apply. In addition, it is difficult to choose between 
alternatives when requirements are imprecise.  
Objectives 
The objective of this study is to improve knowledge on how to integrate 
electronic systems in automotive products. Finding methods and models 
to enable a more solid foundation for design decisions would potentially 
enable a more successful integration and thus affect quality, development 
costs, and project risks. 
Research questions 
How to design and integrate electronic systems are major questions and 
this research is set up to provide answers to some of these. In short, this 
research aims at providing knowledge on how to integrate automotive 
electronic systems successfully in a setting of existing platforms. 
In order to do this we have set up our studies according to three research 
questions. First, we want to explore the OEM business situation; the 
requirements and the design space in terms of what architectures are 
employed in contemporary vehicles.  
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Q1. What design drivers do exist in the business situation of OEMs and 
how do they affect design in practical cases? 

Our second question is aimed at providing results on how to perform 
electronic integration projects involving mechatronic components. We 
aim at providing a recommendation on factors that should not be omitted 
in projects including mechatronic integration. 

Q2. What practices and decisions lead to success in integration 
projects? 

A structured design that takes into account all the possibly conflicting and 
inexact requirements is sought. An important aspect when proposing a 
new design method is to recognize an automotive system complexity and 
explicitly address the practice of design by integration.  

Q3. How can decision making in integration be supported by structured 
methods? 

By answering these questions, we aim to provide support for decision 
making for electronic integration in early phases of development work in 
the domain of automotive electronic systems. First, we aim to explore the 
domain of designing automotive electronic architectures and provide 
explanations on the relation between business situation and system 
architecture. For integration projects, we aim to identify factors that are 
critical to success and provide guidance for how to enable structured 
reasoning on design choices where the requirements are complex and 
imprecise. 

1.2 Thesis outline 
Part 1 of this thesis presents an overview of the research where the results 
are compiled. Chapter 1. presents an introduction to design of automotive 
electronic systems and integration of electronic components. The problem 
of integration is outlined and our research questions are defined. Chapter 
2. presents the contributions and main findings from our studies. In 
Chapter 3. we describe the research methods we have used together with 
reasoning on validity. Chapter 4. presents related work and Error! 
Reference source not found.includes discussion and conclusion of the 
thesis. 
Part 2 of this thesis includes papers A-C:  
Paper A 
“Business Situation Reflected in Automotive Electronic Architectures: 
Analysis of Four Commercial Cases” 
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Paper B 
“Key Factors for Achieving Project Success in Integration of Automotive 
Mechatronics” 
Paper C 
“Making Decisions in Integration of Automotive Software and 
Electronics: A Method Based on ATAM and AHP” 
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Chapter 2.   
Contribution and main findings 
 

2.1 Results 
In this section, we list the results from our studies. Figure 3. shows where 
our result are aimed to support decisions.  

 

Figure 3.  Integration in a product development process 

In study A, we investigate the relation between requirements and design 
choices in architecture design. The requirements from the business 
situation are elicited in the pre-study phase and the design of system 
architecture is addressed in the concept phase. Study B shows 
recommendations with checklists for achieving successful integration. 
The decisions preceding the time of integration are demonstrated as 
critical. The study indicates primarily that decisions in the concept phase 
are critical, but also some decisions are identified that have to do with 
requirements in the pre-study phase. Study C is also primarily intended at 
supporting decisions in the concept phase, but more detailed design 
decisions could be targeted as well. In summary the results are aimed at 
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supporting decisions in early phases of development including concept 
and strategy choices. 

2.1.1 Study A - Business drivers and architectures 
Our first research question (Q1) is addressed by performing a multiple 
case study. 
Q1. What design drivers do exist in the business situation of OEMs and 
how do they affect the electronic architecture in practical cases? 
Studying design drivers for automotive systems, we have presented case 
studies of the business situation, context, and architecture choices in four 
companies developing busses, construction equipment, trucks, and 
passenger cars. In the study, we have identified challenges with respect to 
functionality, cost, standards, and architecture for development of 
vehicles. Based on these case studies with different business and 
functionality demands, we have provided analysis of the design principles 
used for the communication architectures in these domains. Despite a 
common base of similar vehicle functionality the resulting network 
architectures used by the three organizations are quite different. The study 
shows four functionally rather similar products with computer controlled 
power train, body functions, and instrument. In the light of the business 
situation, we explain the solutions and why design principles are pursued. 
The reason for this diversity becomes apparent when looking at different 
business and product characteristics and their affect on the network 
architecture. An important lesson from this is that one should be very 
careful to uncritically apply technical solutions from one industry in 
another, even when they are as closely related as the applications 
described in this work. Understanding the requirements from the business 
case is the key to choosing architectural solutions. 
The results in study A illustrate some of the design drivers that exist in the 
business situation of automotive OEMs. Table 1 in Paper A shows some 
key figures of business context including product volume, number of 
products, number of vehicle platforms, the size of the development 
organization, and the OEM market share. Table 2 shows measurements of 
key parameters in the business requirements for each of the four cases. 
This includes; the number of product variants, the focus on commonality, 
the need for hardware optimization, the need for system openness, the 
demand for customer adaptations, demands for infotainment, and demand 
for telematics. Table 3 shows key figures on the employed electronics 
system architecture; the amount of physical configurations per product, 
the amount of network information, the standards used on the network 
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application level, the number of network technologies, the number of 
internally developed nodes, and the number of external node suppliers. 
For the four studies cases we provide an analysis of how these design 
drivers affect design and choice of architecture. Some of the key drivers 
identified in the study are; 

• The production volume drives demands for optimization, which means 
an increased inclination for the OEM to consider specialized solutions 
to reduce hardware cost. The willingness to reduce variable cost 
(product hardware cost) at the expense of fixed cost (investments and 
development costs) increases with the product volume. The OEM can 
use development resources to tailor designs and use many variants to 
meet optimization requirements. 

• Commonality is not only desired as a result of high product volume, 
but also due to the potential savings in life-cycle operations with 
factories and service shops handling a minimum of different physical 
articles. For software, a high number articles or software versions 
would not affect costs in the same way, but would put strain on the 
working process and configuration management. 

• The methods used to integrate supplier components and functionality 
differs among the four organizations. Having requirements on 
openness where other organization are to add superstructures to the 
vehicle electronic system stands out as forcing the use of 
communication standards. Having no demand for openness enables the 
use of proprietary protocols and a more precise specification of 
supplier component interaction. 

• The size of the market is an important factor that enables suppliers to 
target produce large volumes and thereby provide components at lower 
cost than would OEM internal development. 

Our analysis of the relation between key parameters in business context, 
business requirements, and resulting architectural solutions has shown that 
technical consideration alone cannot explain the choices in architecture. 
Parameters that affect architectural choices are product volume, market 
size, and requirements for openness and customer adaptation.  
The trends in automotive industry indicates that the areas of model based 
development tools, standardized software architecture, improved network 
technologies are areas which could potentially target some of the 
requirements presented in our study. 
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2.1.2 Study B - Integration project success 
Research question number two (Q2) is addressed by study B and the result 
is presented in paper B.  
Q2. What key factors lead to success in integration projects? 
The main contribution of study B is the validated recommendations, each 
including a set of checkpoints that defines recommendation fulfillment. 
We present a multiple case study on integration of automotive 
mechatronic components and based on the findings, we identify that the 
root causes of problems in integration are largely related to decisions 
omitted in electronic strategy.  
Checklists to counteract reported problems 
Our interviews with specialists reveal a number of decisions that, if 
omitted, reportedly affect project success in integration projects. We list 
these decisions in Table 1.  

Group Grouping Decision
R1 - Functionality  Timing
  Operation 
  Fault behavior 
 Diagnostics Data reporting 
  Software upgrade 
  Calibration 
R2 - Platform  System modes
  Functional principles 
  Protocols 
  Proprietary extensions 
  Tools 
R3 - Integration -SW Platform Compiler
  Execution model 
  Platform functionality 
 Resource consumption Memory 
  CPU 
  Bus 
R3 - Integration -HW  Physical interface 
 Environmental EMC 
  Moist 
  Dust 
  Vibration 
R4 - Responsibilities  Maintenance
 Ownership Service 
 Ownership Upgrades 
  Electronics 
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Table 1. Decision checkpoints. 

These decisions are also shown in Paper B, in figures 2 through 5. Each 
decision checkpoint in column 3 of Table 1 represents a strategy that 
should be decided in order to comply with that recommendation. The 
checkpoints are grouped together into four main areas of concern 
corresponding to our first four recommendations R1- R4. 
R1 - Functionality 
We demonstrate that decisions on functionality, if omitted, lead to 
unsuccessful projects. The reason for such a failure seems to be the 
difficulty in understanding the range of functionality support where 
support for service and production functionality seems especially under 
prioritized. Especially, the study shows that much of the focus prior to 
choosing component is on the operational functionality of the component 
while diagnostic functions and system interaction issues are omitted. 
Examples are system degradation behavior, fault signaling, and 
calibration, all of which often constitute a major part of the electronic 
system. Another typical problem reported was that the detailed technical 
issues of protocols, interfaces, and tools were wrongly estimated to be 
adaptable.  
R2 - Platform 
In addition, we demonstrate that omitting to address platform constraints 
when deciding on integration issues lead to unsuccessful projects. Failure 
in knowing the constraints of the electronic platform seems to arise 
because of complexity and difficulties in estimating impact.  
Each checkpoint, thus, involves knowing one or more constraints and 
deciding to adhere to it. The critical decisions to take according to the 
study results are listed in the group R2 in Table 1. The checkpoints are 
divided into constraints related to the infrastructure of the system and 
constraints related to choices in technology and standards. The 
infrastructure of an automotive electronic platform does include some 
mechanism to support different system modes and also it may involve 
functional principles or inherent system philosophies. The platform have 
explicit system modes such as safe mode, key modes, and perhaps other 
operational modes, and the component must provide functionality to 
support this. It must be known what system modes in the platform that is 
relevant to the component to be integrated to fulfill the checkpoint. The 
platform can also contain other principles of operation. System design 
principles can include paradigms such as time triggered software 
execution or bus communication, or a client server architecture in 
software. In the category of technology and standard restrictions, 
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communication protocols are mentioned together with company 
proprietary extensions. Standards and OEM extensions stipulate syntax 
and semantics of messages on a communication bus and therefore limit 
the design space for integration. Interview data also show that tool 
dependencies have been unclear and supposedly caused problems in 
integration. 
R3 - Integration 
Failure to address decisions on the integration solution is also shown to be 
a defining factor on integration success. If omitted, seemingly minor 
issues such as a conflicting bus message id, has later proved to be 
problematic to change.  
Here, there are two basic choices in integration strategy as shown in Table 
1. Either the strategy is to integrate an ECU on communication busses in 
the system (integration HW), or to integrate software functionality into an 
existing ECU (integration SW). The checklist for actions is different in 
the two strategies. Basically, in order to select the optimal component, we 
suggest evaluating both strategies and compare the effort needed given the 
wanted functionality. However, if there are reasons why the strategy 
cannot be freely chosen, the checklist can be applied for only the selected 
strategy, i.e., hardware or software integration. 
For hardware integration, the checklist includes decisions to make for 
physical interface and environmental requirements on physical parts. For 
instance, for a given functionality, the ECU may need to be connected to 
several networks and this should be explicitly decided and feasibility 
should be assessed. Also, there are decisions to make for environmental 
requirements. These are likely specified by standards and there may be 
different areas of the vehicle that implies different physical roughness. 
These decisions should be explicitly stated and agreed upon with 
suppliers. 
For software integration the focus is largely different. A software 
component can be integrated by deciding and specifying the software 
platform interface for the intended ECU host. Decisions should be made 
on compiler dependencies, execution model, and software platform 
services. Also, the resource consumption of a software component should 
be decided because there are limited system resources. 
R4 - Responsibilities 
The last area of affecting decisions we identify is the area of stakeholder 
involvement and assigning of responsibilities. The investigated cases 
show incompleteness in responsibilities as one likely reason for delay and 
increased project cost. There were several departments within the OEM 
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that initiated projects involving electronics. Also the electronic system 
spans most of the vehicle subsystems and it was not always decided what 
role was to be responsible for each electronic subsystem. Reportedly, 
roles in service, maintenance and electronics were not fully decided. Also 
ownership of designs was mentioned as a potential pitfall for the project 
outcome. 
Project success compared to fulfillment of checklists 
In order to measure the success of each project, we have collected data on 
how the project was planned at the time of choosing the component. We 
use three measures and compare the initial plan with the actual outcome. 
We look at the projected time of completion, the projected product cost 
for the component, and the projected development cost.  
We have used a Likert scale with numbers 1 to 5 for estimates of each 
checkpoint from table 1 and calculated an average for each R. We have 
also used a Likert scale of 1 to 5 for the measures on project success and 
calculated an average. The results are shown in Table 2 below. 
The details of each recommendation and the legend for measurements are 
presented in paper B. 

 R1 R2 R3 R4 Average Project Success 
Case #1 4.0 3.7 4.5 3.7 4.0 4.0 
Case #2 4.2 4.3 4.5 3.7 4.2 4.3 
Case #3 2.2 2.0 1.7 2.0 2.0 1.3 
Case #4 3.2 3.0 3.7 3.7 3.4 3.0 
Case #5 3.2 4.3 4.7 4.3 4.2 3.7 

Table 2. Decision checkpoints. 

We see that there is a correlation between fulfillment of the 
recommendations and the achieved project success. Although the numbers 
are just indicative, the trend can be seen that the recommendations do 
affect project outcome. 
Recommendations R1-R6 
We present six recommendations; the first four including detailed 
checklists for decision-making. Also, the first four are validated by 
measurements while the last two are results of our analysis. 
1. All the functionality of the component should be decided prior to 

designing the integration solution; this includes diagnosis, 
production, and service functions. 
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2. Know the design constraints imposed by the platform prior to 
designing integration solution, e.g., global systems modes, 
communication protocols, and all constraining paradigms. 

3. The integration solutions should be investigated and a strategy 
chosen prior to choosing component; this should include 
investigation of environmental requirements, and resource 
consumption. 

4. All stakeholders should be involved and the responsibilities should 
be assigned for the activities of the subsystem life cycle. 

5. Review decisions on integration and check that delivered 
components match decisions as soon as possible, to detect 
misconceptions early. 

6. Be aware that integration projects characterized by a technically tight 
integration, safety criticality, close relation to core vehicle behavior, 
or inexperienced suppliers are high-risk projects. 

Our analysis shows two more recommendations (5-6) that potentially 
would have affected the outcome in the studied cases. Avoiding mismatch 
between what is believed to be decided and what an involved supplier 
delivers could have been accomplished by follow-ups during the projects. 
Trying to estimate the difficulty in an integration project, we note that 
projects involving safety related functions, large impact on product 
behavior, technically advanced integration, or inexperienced suppliers 
could mean a higher risk of project failure.  
A second result presented in paper B is the defining characteristics to 
identify a high-risk project. We provide a set of observable project 
properties and demonstrate how they indicate increased project risk. 
Explanation of recommendations 
The respondents did express problems and we concluded that they were 
mostly concerned with decisions. Consequently, we grouped all reported 
lacking decisions in areas that labeled and described that set in a good 
way. However, there is an element of refinement in this step as we add a 
notion of when the decisions are to be made. Some assumptions were 
made on how the flow of development progresses. Here we explicitly 
explain our reasoning of time and the relation to a development model. 
Figure 4. shows a graph describing the sequence of events in which the 
recommendation is defined.  
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Figure 4.  Sequence of recommendations 

A recommendation, R1, on deciding functionality before starting 
integration can seem obvious, but we see that it happens in complex 
structures where the demand for functionality is distributed among 
departments. Failure to involve stakeholders and assign of responsibilities, 
R4, seems to cause erroneous or incomplete decisions on what 
functionality should be included. Thus, we deduct that R1 and R4 should 
be fulfilled before going into implementation.  
Furthermore, the interviews revealed problems where the decisions on 
integration strategy were omitted. We deduct that integration solution can 
be done only when functionality is decided and thus we define that R1, 
and R4 should precede R3. If there are candidate components we argue 
that the best choice cannot be made without assessing the feasibility of 
integration for each one. R3 defines a set of decisions that should be 
addressed in order to make an optimal choice of component. If there is 
only one candidate, the decisions on strategy must still be made to avoid 
problems in implementation. The area of platform design constraints, R4, 
is needed in order to decide on integration strategy but seems unrelated to 
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areas of functionality or responsibilities and thus we deduct that it should 
precede the integration strategy decisions. 
These assumptions on the sequence of decisions were added when we 
expressed the recommendations. This is also how we measured 
fulfillment; we measured whether R1-R4 were fulfilled before going into 
the implementation phase. 
Analysis after our validation study indicated that two more 
recommendations would have lowered project risk. R5 is related to 
checking that delivered components exhibit what is understood to be 
agreed. R5 is applicable in the implementation phase. R6 is a general 
advice that certain characteristics of projects could indicate increased 
projects risk. This advice has no position in the time graph, but could be 
applicable in a pre-study or component selection. 
Relating this sequence to the gate model, we see that R1 and R4 is related 
to a pre-study phase or early concept phase. Function and responsibilities 
can be outlined in the pre-study phase but as concepts are chosen there 
may arise requirements that are more precise. R3 and R2, are applied in 
the concept phase when different concepts are compared. Going into 
detailed design in the implementation phase concepts should be chosen. 
However there is still decisions to make in the individual development 
areas and R3 and R2 are still applicable in electronics development, but 
should have been used mainly in concept phase.  

2.1.3 Study C – Decision support model 
Our third research question (Q3) is addressed by devising a combined 
model of ATAM, and AHP to support in decision making in integration 
projects. 
Q3. How can decision making in integration be supported by structured 
methods? 
Our study has resulted in a proposed model that can be used to guide 
design and integration. We have presented a new method for making 
decisions on integration strategy for in-vehicle automotive systems. The 
method is based on a combination of the Architecture Tradeoff Analysis 
Method, ATAM, and the Analytical Hierarchy Process, AHP. We have 
described the method in detail and exemplified its use with a theoretical 
but realistic example of an electronic controlled gearbox that is to be 
integrated into an in-vehicle electronic system. Analyzing the method and 
the example, we have shown that the method is usable and has benefits 
compared to either ATAM or AHP used individually. Like ATAM, this 
method provides a way for stakeholders to reason about system qualities, 
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but it does not stop at identifying important design points. Compared to 
using ATAM alone, our combined method supports decision-making and 
should still have the benefits that have been reported with ATAM. One 
such important benefit is that stakeholders get to reason about qualities 
and their fulfilment. Thus, compared to using AHP alone, we will get both 
a structure for the criteria and likely also the benefit of stakeholder 
involvement and communication. 

2.2 Applying the results 
The potential gain for OEMs using our results lies in achieving more solid 
foundations for design decisions. Study A shows some of the import 
business drivers for designing automotive electronic systems. By using 
the checklists and recommendations of study B, an OEM could potentially 
find central decisions on integration strategy early that, if omitted, could 
cause delays. Thus, applying the result could avoid pitfalls and enable 
successful integration projects. 
In addition, OEMs can elaborate on central decisions by using the 
proposed model of study C. Finding out the diverse requirements from the 
product life cycle is a prerequisite to making correct decisions. To 
actively agree on and estimate a candidate solution’s ability to fulfill these 
could be valuable in terms of product cost and quality. An OEM could 
potentially benefit from insight in the relative importance of requirements 
as well as insight in the reasons for choosing solutions.  
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Chapter 3.   
 
Research method 

Here, we describe the method of the studies we have performed. Study A 
and B are inductive studies where the data collection is more open ended 
and exploratory. We have performed case studies and collected data with 
which we have attempted to form theory.  
Study C is more deductive in nature. We start by making theory, in this 
case a decision-making model for the problem, and then we move on to 
test it. The validity of deductive conclusions is either true or false whereas 
inductive conclusions can be supported to a degree. To show validity in 
study C, we describe our reasoning and assumptions. 
For each of the three studies we describe the design of the study, the 
method used, and our reasoning on validity. We use four views on validity 
that each tests a different aspect of the quality of a study. These views 
have been described by Yin, Robson, and Wohlin [13][14][15]. The 
construct validity of a study is the certainty with which we can say that we 
actually measure what we want to measure. Internal validity is the 
certainty with which we can show causal relationships. Construct validity 
deals with the correct extraction of data, while internal validity deals with 
relations between data and the explanations of cause and effect. External 
validity or generalizability is the certainty with which we can say that a 
demonstrated result is applicable in other contexts. The reliability or 
conclusion validity of a study is the certainty that another researcher could 
perform the same study and get the same results. High reliability is 
achieved by defining the procedures of the study. 

3.1 Study A – Business drivers and architectures 
In our first study of driving requirements and contemporary design 
choices, the ultimate goal would be to achieve an optimal architecture 
design process where the quality requirements and their dependencies are 
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fully understood and where the impact of choices in architecture, 
technology, and methods are also completely captured. 
In order to take a step in this direction, we have defined the research 
question Q1.  

Q1. What design drivers do exist in the business situation of OEMs and 
how do they affect electronic architectures in practical cases? 

In order to answer this question we want to explore the business situation 
and the chosen electronic architectures of OEMs. There is also an 
explanatory part to this question as we would want to explain the 
relationship between drivers and architecture. We want to survey the use 
of architectures, methods and technologies in some automotive 
applications. The intention is to identify and analyze the requirements 
stemming from each business case and also examine issues of 
architecture, technology, and methods in each organization. 
Hence, the intended objective of the study is to;  

1. Investigate the business situation for organizations including 
factors of product volumes, valued quality attributes, the most 
important business processes. Investigate architecture, technology, 
and methods.  

2. Analyse how the business situation of each organization are 
reflected in their respective architecture, choices of technology, and 
methods.  

3. Analyse the mapping between requirement and solution, and 
provide a guide for assisting in selection of architecture, 
technology, and methods. 

Method 
Thus, an exploratory and explanatory study is wanted. The question of 
what drivers exist would be possible to answer by a survey. The question 
of causal relationship requires more to the study. We used the research 
strategy of a case study with survey and workshop elements. We collected 
data to explore the contemporary situation by asking practitioners. In 
addition, we used the method of workshops where the specialists could 
discuss causal relations. We then used the compiled data together with the 
suggested propositions of specialists to analyze and explain the 
relationship.  
We used a series of semi-structured interviews with four experienced 
system designers. One from each manufacturer; Volvo Car Corporation, 
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Volvo Trucks, Volvo Busses, and Volvo Construction Equipment. The 
data collected from the interviews was validated by the respondents. 
We used questions on the topics; company context, functionality, cost, 
standards, and architecture. We held discussions on each topic and this 
resulted in data to lead our analysis. The interviews were executed in a 
number of workshops and the respondents were given assignments of 
finding data between sessions. 
Construct Validity 
In study A, our study is made by interviews with one system architect per 
company and the respondents reviewed the answers. There was also 
documentation to study. One threat to validity in our study is the use of 
only one architect per case. A misconception from one architect could 
cause a misreading of data. For instance, a reportedly important design 
requirement could be unimportant or the architecture was not in fact 
designed as stated. We addressed this by cross-checking with 
documentation as well as having open meetings where the architects 
openly scrutinized each others statements.  
Internal Validity 
In study A, we indicate which business drivers cause OEMs to make 
certain architectural choices. How can we know that these drivers in fact 
cause these choices and not an unknown and unmeasured parameter is in 
fact the cause? We argue that the listed factors in business situation are in 
fact part of the cause based on two things. First, system architects 
indicated some of the causal relationships. Secondly, our analysis supports 
the argument of the causal relationship. 
External validity 
Our conclusions from this study include description of contemporary 
business situation and architecture, as well as statements on causal 
relationships in the four cases. The topics for business situation and 
architecture could be applied in another context to aid in analysis. 
Applying the explanations cause and effect is difficult in another context. 
The design of architecture in other cases would probably follow the same 
lines of reasoning, but there may be other important business drivers that 
invalidate our explanations. However, the descriptive results of the study 
can be used as a basis for analyzing any case. 
Reliability 
In study A, we used open ended questions on topics that were chosen by 
us. The reliability of this approach is not great since the result could be 
influenced by the observer’s feel for what is enough information. 
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Therefore, there is a possibility that another researcher could get more or 
less data from doing the same study. However, another researcher would 
not likely, we argue, find different business drivers or architecture if using 
the same topics. Using documentation and specialist discussions, we have 
strengthened the confidence of getting the right data. Instead, a different 
researcher would perhaps find more or less information from the same 
study. We argue that this is not a large threat to reliability or validity. 
Observer bias is also a threat to reliability. My and our own opinions 
could color the analysis. In this first study, we did not make any claims on 
what is better in any way. Our analysis was instead focused on finding the 
factors that drive architectural design and therefore the threat to validity 
should be small. 

3.2 Study B – Integration project success 
In our second study of integration practices we would ideally want to have 
predictions on which practices and integration solutions that lead to 
successful projects. We have focused on the activities preceding 
integration and we define our second research question (Q2): 

Q2. What key factors lead to success in integration projects? 

In order to identify factors we need to know why projects fail. Yin [13] 
proposes typical research strategies for different types of research 
questions and characteristics of the studied phenomenon. A “what” 
question on a contemporary event without control over affecting 
parameters would indicate the use of a survey or documentation study. 
Solely using a survey would not, however, reveal all factors. The key 
factors are hidden in the explanations to why integration projects fail. 
Thus, there is an element of “why“ in finding the key factors. We want to 
explore the problems, relate problems to affecting factors, and provide a 
remedy. We choose the strategy of a case study for exploring problems 
and identify possible relations to factors. We use a multiple case study to 
explore what is common problems.  
In addition to illuminating the problems and influencing factors, we must 
define success to be able to answer question Q2. We define project 
success as completion on time and budget as they were estimated at the 
time of choosing the component. The strategy at this point would include 
what qualities and functions should be supported and changes of this 
strategy would likely show up as delays or added costs. The drawback of 
this definition is that we do not get a notion of the outcome in terms of 
how well the component meets its requirements; its quality. It would be 
theoretically possible to complete a project on time and budget but deliver 
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a useless subsystem. This is not possible in practice, we argue, due to 
testing, and reliability growth programs. Problems in fulfilling the decided 
strategy would not be accepted by stakeholders such as the service 
organization and the project would be forced to solve problems. We 
perform the study under the assumption that time and cost is sufficient 
measures for project success. 
Thus, the objective of the study is to show which factors are the most 
important. The idea is to provide, not only, a list of affecting factors, but a 
list of key factors that should not be omitted when executing a project of 
mechatronic integration. The objectives of this study are: 

1. To identify key factors that affect project success. 
2. To propose a checklist with recommendations. 
3. To validate the recommendations. 

Method 
First, three cases were selected based on availability and timing. We 
performed interviews with senior technical staff with different roles in 
each project involved in the three cases of integration. Project manager, 
electronics engineer, application specialist. In each project we interviewed 
three persons. Each respondent were interviewed for approximately 1,5 
hours of open ended questions and the topics were; 1 General, 2 
Specification, 3 Integration solution, 4 Verification, 5 Result, 6 Future. 
We were two interviewers and we each documented the interview and 
then compiled the results to one interview document for each respondent. 
There were no audio or video recordings. The results were put in a table, 
compared, and analyzed. This step yielded a list of problems and our 
analysis yielded countermeasures or recommendations that supposedly 
would counteract problems. 
Second, in order to validate or list of recommendations we chose two 
more projects. Again the choice was based on availability and project 
status. We devised a set of questions to find out fulfillment of our 
recommendation in four areas. In addition, we defined project success and 
included that in our questions. Further, we devised questions on project 
context in order to find other affecting parameters, outside the control of 
the project personnel. We carried out structured interviews and followed 
up with email and phone calls until all was answered.  
Some non-public documentation was provided during the interviews. This 
information however is not used in the reasoning we provide in the 
analysis, only for verifying the statements of the respondents. 
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Construct validity 
In study B, we claim that we have identified some of the key factors to 
consider when executing an integration project. Here we did use several 
people with different roles in each project to assure construct validity. We 
also studied documentation and again we let respondents review their 
statements.  
Internal validity 
We claim that we have shown some of the key factors affecting the 
success of the investigated integration projects. The question is if we can 
show that these are in fact the ones and if they actually cause the shown 
outcome. We argue that we have shown internal validity base on three 
supportive arguments.  
1. The factors were extracted from specialists involved. There can be 
more parameters that these specialists were not aware of but we believe 
we have enough respondents to argue that we have found some of the key 
factors.  
2. The correlation between the factors and the outcome is good enough 
that we argue that these parameters must be among the key ones. If other, 
to us unknown parameters, were the most important we believe it unlikely 
the correlation would be as clear as shown in Table 2. (The same figures 
are shown in paper B – Table 11) 
3. We point out that many other thinkable factors are likely secondary. 
For instance, the experience/knowledge factor of an involved engineer or 
manager could also counteract problems in integration projects. We argue 
that this is not a separate factor. We have listed decision that lead to 
successful integration and a skilled engineer would perhaps focus on 
precisely these decisions, which would not falsify our claim. Thus, the 
skill level is not a separate factor. 
However, we recognize that there may be more factors and that we are not 
able to show any statistical measures on the relative importance of all the 
factors.  
External validity 
In study B, there are threats to validity. The results and recommendations 
found are derived from five cases from a single company. Although the 
stipulated problem of integration is the same in another company 
independent of context, the differing context can yield different 
importance to the factors found in this study and also show more factors. 
One factor that may have impact and is likely to be different is the 
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architectural choices in the platform. Perhaps a different architecture 
would put focus on other decisions.   
In response to the threat of studying a single company, we argue that the 
five cases are in fact very different. Three have suppliers outside Sweden 
(none is involved twice), all five involves organizations outside Volvo, 
only cases #3 and #4 have project managers in the same company – the 
remaining three are run by different companies inside Volvo. This leads 
us to conclude that the cases are not homogeneous with respect to 
company culture, nationality, and project context; and we argue this in 
favor of external validity. 
The problems in integration are general to automotive OEMs, and we 
have demonstrated that our recommendations are valid to tackle the stated 
problems. But the severity of each problem may well differ in a different 
context, and our recommendations, although we show them to be 
necessary, may not be enough to counteract problems in a general case. It 
is however likely that many of our recommendations are in fact valid 
within many automotive companies, although dedicated studies have to be 
made to verify this.  
Reliability 
For the validation part of the study, we used structured interviews with 
defined questions. In addition, we followed the interviews with a survey 
for the remaining data. We did follow up with phone calls and email until 
all the data was collected. We believe another researcher would be able to 
extract the same data following the same procedure. 
Participant and observer bias are two possible factors that could cause 
threats to reliability. I work in the electronic development department and 
as such there could be matters of observer bias. Trying to defend myself I 
argue that there are no claims made that indicate that I am in favor of any 
certain aspect or solution. 

3.3 Study C – Decision support model 
Aiming for a general decision support model, we define our third research 
question (Q3): 

Q3. How can decision making in integration be supported by structured 
methods? 

In order to get a general result, we perform a deductive study where we 
reason about the problems in deciding on integration strategies. Here, we 
want to propose a model to structure requirements and decision making in 
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design of automotive electronic systems. Further we want to evaluate 
different integration strategies to find the one that best support the desired 
qualities of the product in its life cycle. In order to evaluate success of 
different integration strategies we need some criteria on how to decide 
what is successful. The approach of this work is to use scenarios from the 
Architecture Tradeoff Analysis Method, ATAM [6] to describe system 
goals, and evaluate candidate designs with the Analytical Hierarchy 
Process, AHP [7], to evaluate different integration strategies in the context 
of an automotive electronic system.  
Method 
The method to find a model to support decisions is based on our 
reasoning. The first criterion for a model, we argue, is that it should be as 
precise as possible. There should be no estimates unless it is necessary. 
Using quality requirements is imprecise but there is no obvious 
alternative. Ideally, there could be a project where all requirements are 
stated in a proper requirements specification, but we are not sure this is 
possible even in utopia. If that happens in a project our model could 
handle real requirements, but we believe the use of scenarios can, but does 
not have to, get as precise as possible in practical cases. Thus, scenarios 
are employed to describe all the uses of a system and scenarios are what 
we demonstrate our model for. After eliciting all the uses of a system, we 
want to get a correct measure of the importance of each scenario. For a 
complex system, this seems to us like a task where no exact answers exist. 
Asking many stakeholders from the life cycle of the product to grade 
importance by their opinion is a workable solution. Finding out how well 
a design choice fulfills a certain scenario could be inexact even in very 
simplified situations. Asking architects is one possible solution. 
Negotiating a weighted multi criteria decision with set of importance rated 
scenarios is however possible without estimations and AHP is a method 
for doing just that. 
Construct validity and reliability 
In study C, which is a proposed model for decision-making, there are no 
direct observations that need to be tested for validity. Instead, we describe 
our reasoning around the problem and we argue our reasons for selecting 
ATAM and AHP as a basis for our model. We support our reasoning with 
an example to demonstrate the use of the model. 
Internal validity 
We describe a decision support model and we show how it can be used for 
a practical case. We claim that it is valid in the sense that it has benefits 
compared to either ATAM or AHP used alone. We provide reasoning in 
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support of using this method. However, the use of the method is not tested 
by us in any real decision making. We do claim that it is usable and sound 
based on reasoning. If there are stakeholders to express their requirements 
and there are architects that can estimate importance, then our model 
works.  
External validity  
How general is this model for decision support? The model is not 
dependent on context. There is no obvious reason to us it would not be 
general, but we have not explicitly validated the model in different 
contexts. 
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Chapter 4.   
Related Work 

In this section we present other work that has been done in the area of 
integration of automotive electronic systems. 

4.1 Study A – Business drivers and architectures 
Investigating automotive electronic architectures with the intent of 
providing a design guideline is a line of work with many related areas. It 
includes topics from such areas as requirements and systems engineering 
as well as software engineering. A guideline in design must also consider 
issues of technology. Automotive electronics includes technologies in 
many areas such as field busses, software components, hardware 
components and development tools. Available technologies exist for 
diverse purposes like diagnostics, communication protocols, simulation 
tools, by-wire applications, and much more. 
Architecture 
The architecture of a system is the structure and the principles behind its 
design and evolution [12]. Choosing architecture directly affects system 
properties and quality attributes. However, the relation between design 
decisions and the outcome in terms of quality is not well understood. 
There is a need for analyzing system fulfillment of quality criteria at the 
design stage. In study A we investigate architectures and their driving 
quality attributes.  
Product line architecture, PLA, is proposed to architecturally model a 
complete set of products in a product line [21], to lower cost and increase 
quality. The PLA approach is also intended to increase understanding of 
the relation between design decisions and quality turnout, but focusing on 
an architecture encompassing several products. Case studies have shown 
benefits in development time and quality outcome of a product line 
architecture approach [22]. The product line situation matches well with 
automotive industry’s way of building different products from the same 



 

32 

platform or asset base. The approach put focus on that the platform has its 
own development cycle, which is longer than the cycle of developing 
products. For integration of electronic components it is important to 
recognize the constraints imposed by the platform. 
Engineering challenges 
Farbman et al. describes the challenges in engineering computer-based 
systems in [9]. Engineering of computer-based systems is associated with 
problems in many areas from both a systems engineering and a software 
engineering perspective. There are difficulties in eliciting, defining, and 
negotiating requirements [10] that are independent from design, especially 
when considering non-functional requirements. Our exploratory study is 
aimed at providing knowledge on the driving requirements and the 
resulting architectures in the domain of automotive computer-based 
systems. We use the identified problem areas of this work to study and 
describe the situation that automotive electronic engineers face. 

4.2 Study B – Integration project success 
Integration practices 
Related to integration practices, integration in the automotive domain is 
the effort on joining mechatronic subsystems from many suppliers. To 
achieve success in such projects, use of sound systems engineering 
principles is a key to success. To assess a company's systems engineering 
capabilities the SE-CMM method can be used [23], the practices 
described in the method can serve as guidance when developing processes 
and guidelines. SE-CMM practice area PA 05, which was partially 
integrated into CMMI treats our area, system integration.  
The SE-CMM PA 05 recommendation stipulates good practices and 
activities to carry out integration. These involve generic advice that need 
interpretation and whose fulfillment is difficult to measure. Our results 
from study B differs in that they explicitly identify which decisions are 
the most important for the domain of automotive electronic integration. 
We focus on describing the details of practical cases and assess which 
practices are the key factors in achieving success.  
Engineering management 
In a study by Nellore and Balachandra [26], factors that contribute to 
success in automotive development projects at a major European car 
manufacturer were reported. The study covers the entire project phase, 
and as a consequence, is not very detailed regarding subsystem 
integration. However, Nellore and Balachandras shows that supplier 
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involvement is one of five key factors to achieve success. The results 
show that suppliers require different level of specifications depending on 
their history of OEM cooperation. We conclude in our study that a 
number of decisions must be taken in order to achieve success in an 
integration project, which is a part of an integrated product development 
project. Our recommendations include both management- and engineering 
advice but differ in that they are detailed and do not need interpretation to 
be implemented.  
Software engineering in automotive context 
Software engineering researchers has also recognized the problem of 
integration. Pretchner, Salzmann, and Stauner are organizers of the ICSE 
Workshop on Software engineering for automotive systems, a workshop 
that in 2005 were focused on integration. The organizers describe the 
specific challenges in integration: “Automotive systems consist of a 
number of independently specified and developed subsystems that have to 
be integrated into the automotive system. … Because of safety and quality 
requirements on automotive software, this integration phase is of 
particular relevance for software development.” [3]  
Technologies and standards 
We focus on integration of the electronic part, i.e., software and 
electronics hardware, of the mechatronic component, because this part is 
often problematic to integrate. Thus, this is an area where more research is 
needed. There are two major design approaches to integrate the electronic 
part of a mechatronic component into the electronic system; we will 
examine both alternatives here:  

1. Hardware integration, which traditionally is the most common 
approach in the automotive domain. The integration here is realized 
through connecting a computer system, i.e., Electronic Control 
Unit (ECU), to a computer network in the vehicle. The integration 
interface is the computer network, and interaction with other parts 
of the system is through message exchange over the network. 

2. Software integration, which has much focus in current research and 
standardization efforts in the domain. In this case the integration is 
performed through deploying a software component on an ECU 
which is not part of the mechatronic component. The intention is to 
deploy several software components on the same electronic 
hardware; one goal is to decrease the number of ECUs. The 
software integration solution offer to partition software and 
configure ECUs more freely. In this case the integration interface is 
the software environment on the receiving ECU. 
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To simplify the specification and integration work with hardware 
components, standards can be used. Common in vehicle industry today is 
to use CAN [24] busses as physical medium with standard protocols on 
top, e.g., SAE J1939 [29] specifying the syntax and the semantics of 
certain messages including message identifiers and value range, as well as 
their meaning. In terms of integration this gives the OEM and suppliers a 
common agreement on bus interface. Another common method in 
combination with CAN is to use tools to package individual signals into 
proprietary messages on the bus and derive priorities so that temporal 
constraints are met, e.g., the Volcano tool [6]. In this case the OEM-
supplier agreement is not standardized bus messages, but standardized 
communication software on ECUs which let the OEM configure bus 
traffic.  
Standards have also been used to simplify integration of software 
components. AUTOSAR [31] is a European automotive industry initiative 
that aims at developing a standardized software architecture for software 
components including basic software functions such as communications 
and diagnostics. 
In the automotive domain OSEK/VDX [28] aims to define an open 
architecture that standardize software interface to communication, 
network management, and operating system. There are currently much 
research efforts in the area of software component technologies for 
embedded systems; several of these results could be interesting to support 
integration of software components in our context. However, availability 
of suppliers supporting the technologies is a requirement by OEMs before 
adopting it as integration platform. A major ongoing project is the 
DECOS project [32]. DECOS is focusing on safety critical systems, e.g., 
automotive and aerospace applications. The core of DECOS is a time-
triggered architecture, providing both spatial and temporal partitioning, 
preventing interference among components sharing access to devices, as 
well as timing interference between components. Integration of software 
components is recognized as a key challenge and the first of several 
DECOS objectives is the “development of a distributed execution 
platform that allows tight integration of software-modules from different 
sources (vendors) and with different criticality levels”. 
Standardized software and AUTOSAR is related to integration in that it 
explicitly addresses the problem of integration of software. The focus is 
on the technical solutions to enable integration and the architecture 
includes interfaces, communication and diagnostic principles, and tools. 
Our study is focused on finding key factors for executing integration 
projects. We recognize that a unified architecture could be one such 
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factor. The problem of integration will not however be solved by the 
introduction of e.g. AUTOSAR. The results, conclusions and 
recommendations of our study are valid for integration of both hardware 
and software components.  

4.3 Study C – Decision support model 
Theory on architecture 
Integration involves design decisions and results from the field of 
architecture analysis and design can be applicable. Integration is the 
design of the interaction between a component and its environment and 
choices in integration also affect system qualities. Kazman proposes 
Scenario based analysis of software architectures [18] to handle imprecise 
requirements and approximate system usage via scenarios. Several 
scenario-based evaluation methods [17] are proposed where usage 
scenarios are developed for theoretically trying out different candidate 
architectures described by some high-level design description. 
Architecture description languages, ADLs [16], are intended to provide 
the high-level description of the system and give analyzability to system 
properties. 
In order to analyze an architecture and find risks and decision points 
which affect outcome of quality attributes, the Architecture Tradeoff 
Analysis Method, ATAM, has been proposed [6]. The important decision 
points in system design is reflected in designing integration solution. 
We use the ATAM way of defining qualities, and then we use this to aid 
in choosing integration strategy. We base our model around the theory on 
architectural assessment. We incorporate views of the system to model the 
different stakeholder needs and we choose the use of scenarios to describe 
system uses. Instead of analyzing an existing system by scenarios, we 
model desired properties of the system to be able to compare alternatives. 
AHP and CPC 
The Analytic Hierarchy Process, AHP [7], is a multi-criteria decision 
making approach in which factors are arranged in a hierarchic structure. 
We apply this method on our weighted usage scenarios evaluate design 
alternatives that we define. In AHP the weighting of the factors is 
performed by comparing each factor to each other factor yielding a matrix 
of comparisons. Chain wise paired comparison, CPC[8], is a simplified 
way of comparing the factors where each factor is only compared with its 
next-in-line factor. Thus, instead of getting a matrix we get a chain of 
comparisons. We propose the use of CPC to reduce the number of 
comparisons that have to be done by specialists. 
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4.4 Summary 
In summary, we see related work to design and integration of automotive 
electronic systems in several areas. The field of systems engineering have 
results in the field of handling complex systems with requirements 
engineering and other methods to handle the execution of complex 
projects. The field of software architecture design have results in areas of 
handling non quality attributes and analyzing architectures with respect to 
these. There are reference models for development processes that include 
guidance and best practices of integration. There are also technologies and 
architectures that explicitly address the problem of enabling feasible 
integration for systems such as vehicles. The closest thing to a guideline 
for structured engineering of integration is the process guidelines provided 
by reference models such as SE-CMM [23]. However, our results differ in 
that they provide concrete checklists whose fulfillment is observable. The 
scope of our results is for integration of electronic components in the 
automotive industry. In addition, we identify which factors are the most 
important ones and validate this identification with the intent of providing 
guidance as opposed to the reference model where a number of generic 
recommendations are to be followed. 
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Chapter 5.   
Discussion and conclusion 

In this chapter, we provide a short elaboration on the topic of automotive 
electronic integration followed by the conclusion of the thesis.  

5.1 Discussion 
The trend towards more system wide optimizations and more electronic 
control functions is strong. Consequently, the need for life-cycle related 
functionality increase with operational functionality. Complexity of the 
system will increase as a result. Integration in this context will become 
increasingly difficult unless there is some way of handling complexity. 
Advanced behavior control in vehicles 
We see an increase in electronic functions now and in the years to come. 
There is both an increase in the number of subsystems that include 
electronic control, and in the number of system wide functions to affect 
vehicle properties. Previously non-electronic domains such as brakes and 
steering see the introduction of electronic functions. Electric hybrid 
vehicles involve electrical motors for propulsion and auxiliaries, and this 
yields more electronic control functions. In addition, hybrids specifically 
require coordination functions in achieving optimized fuel efficiency.  
Active safety applications introduce electronically controlled devices such 
as radar and cameras as well as system functions such as brake initiation.  
Hybrid vehicles are a good example of how the interactions can get more 
complex. For an electric hybrid vehicle, there are more mechatronic 
components too coordinate and the system property of energy 
consumption is explicitly addressed. The energy optimization of a vehicle 
needs to involve many components including engine, electric motors, 
energy storage, brakes, pedals, gearbox etc. A low energy consumption is 
in direct conflict with e.g. performance and handling. In order to 
accomplish this, the resulting system involves more interaction. Each 
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component must be made to allow the vehicle system to change its 
behavior in a way that enables a global energy scheme. 
At the same time as this increase in functions, there is a trend towards 
fewer and more powerful ECUs. Moore’s law shows that the cost of 
electronic components such as CPU and memory will decrease but the 
cost of cables, and ECU housings will not. Consequently, ECUs with 
more powerful processing could host the increased number of functions 
without increasing the product cost. Hosing more functions in a single 
ECU means that more effort will go to areas of software infrastructure. 
The automotive electronic development is much concerned with safety 
and reliability of functions and assuring integrity of functions.  
Integration in this context 
An increase of electronic functions causes an increase of electronic 
system complexity. This, in turn, causes a need for more aspects of 
components to be considered in component interaction. This will 
accentuate the problems that we report in study B and integration will 
become more complex. Handling the complexity is a challenge and a key 
to the solution. The provided recommendation is a step towards 
performing integration projects, but is not a definitive solution to the 
problem.  
The problem of integration is perhaps a wicked problem [33] if we 
attempt address all problems at once. Applying the concept of views [34] 
is one possible tool as a means to separate concerns. The concept of an 
information model [35] is appropriate to allow modeling of all different 
views of the system. A model could theoretically assist or even generate 
design, but we believe information model yields another immediate result 
on integration problems. That is to achieve consistency in information 
during the development. If all developers see information in some 
repository, there would be less room for erroneous interpretation and old 
assumptions to yield wrong design decisions.  

5.2 Conclusion 
In this thesis, we have presented our results on integration of electronic 
components in vehicles. Our aim has been to provide knowledge on how 
to integrate automotive electronic systems successfully in a setting where 
vehicles are developed based on existing platforms. Our focus has been 
the early phases of automotive electronic system development and in 
particular on the decisions taken in integration of electronic subsystems. 
Figure 5.  below is a copy of Figure 3 in the Results section and shows 
where the results are applicable in a generic development process. The 
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figure shows that integration takes place late in the detailed development 
phase and our results demonstrate that successful integration is achieved 
by decision making in the phases prior to integration. In summary, the 
results are aimed at supporting decisions in early phases of development 
including concept and strategy choices. 

 

Figure 5.  Applicability of results 

We present three results that support decision making in integration of 
automotive electronic systems. The results correspond to the three studies; 
study A, study B, and study C. 
The results in study A illustrate some of the design drivers that exist in the 
business situation of automotive OEMs. For the four studies cases we 
provide an analysis of how these design drivers affect design and choice 
of architecture. An important lesson from study A is that one should be 
very careful to uncritically apply technical solutions from one industry in 
another, even when they are as closely related as the four vehicles 
describes in study A. Understanding the requirements from the business 
situation is the key to choosing architectural solutions. 
Study B presents validated recommendations for performing integration in 
automotive development projects, each including a set of checkpoints that 
defines recommendation fulfillment. We identify that the root causes of 
problems in integration are largely related to decisions omitted in 
electronic strategy. Our recommendations are defined by checklists for 
critical decisions in the areas; functionality, platform, integration, and 
stakeholder involvement. 
Study C demonstrates the use of a method for supporting decision making 
when considering integration alternatives. Analyzing the method and the 
example, we have shown that the method is usable and has benefits 
compared to either ATAM or AHP used individually. We argue in benefit 

Pre-Study Concept Study Development 
Industrialization 
And Follow-up 

A B C Integration 
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of the method; Firstly, it is scalable in effort to compensate for more or 
less crucial decisions. Secondly, we show that it provides feedback on the 
quality of the estimates. Thirdly, the method does provide some 
documentation as to why a decision has been made and this possibly helps 
in understanding and communicating system design among stakeholders. 
Summary 
In summary, the problem of integration in automotive electronic systems 
is shown to affect the ability of OEMs to complete products on time and 
cost. We have provided aid for engineering in the phases prior to 
integration with the intent of lowering the risk of failure; thus increasing 
the chance of success. 
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ABSTRACT 
Automotive vehicle electronic systems are developed facing a complex 
and large set of inter-related requirements from numerous stakeholders, 
many of which are internal to the Original Equipment Manufacturer, 
OEM. The electronic architecture, of the product, or its structure and 
design principles, form an equally complex construct; including 
technology and methods, which ultimately should be chosen to optimally 
support the organization’s own business situation. 
In this paper, we have analyzed the relationship of four automotive 
electronic architectures to their respective business requirements and 
business context. The study shows four functionally rather similar 
products with computer controlled power train, body functions, and 
instrument. In the light of the business situation, we explain the solutions 
and why design principles are pursued. The analysis shows that despite a 
common base of similar vehicle functionality the resulting electronic 
architectures used by the four organizations are quite different. The reason 
for this becomes apparent when looking at different business context and 
business requirements and their affect on the architecture. Differences in 
business situation drive the use of different methods for integration, 
different standards, different number of configurations, and different 
focus in the development effort. Some key parameters in business 
situation affecting architectural design decisions are shown to be product 
volume, size of market, and business requirements on openness and 
customer adaptation.  
An important lesson from this is that one should be very careful to 
uncritically apply technical solutions from one industry in another, even 
when they are as closely related as the applications described in this work. 
Understanding the requirements from the business case is the key to 
choosing architectural solutions. 
Keywords 
Automotive, Electronic Architecture, Case-Study, Requirements 
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1. INTRODUCTION 
Designing a complex computer system such as an in-vehicle electronic 
system is a process of choosing solutions that best meets the huge set of, 
often conflicting, requirements. Modern in-vehicle electronic systems 
must provide functions and exhibit properties to support several of the 
OEMs business processes. In fact, the main part of the requirements does 
originate from the OEM business processes such as production, 
aftermarket support, variant handling, verification, and commonality 
efforts. The desired functions can be very different in nature, and the 
desired properties can be conflicting. Functional solutions span from web- 
to control applications and the desired properties call for radically 
different architectures and technologies. 
Thus, the automotive industry seeks an improved way of synthesizing all 
the requirements into an electronic architecture that meets the diverse 
requirements from the business case as closely as possible. 
In this paper, we present key findings from four case studies with the 
intention of describing the situation for commercial vehicle electronics 
developers; both the diverse requirements and the solutions in terms of 
architecture; as well as analyzing the relation between requirements and 
solutions. The inspected electronic architectures are all Volvo brand 
vehicles; Volvo Construction Equipment (VCE), Volvo Trucks (VTC), 
Volvo Busses (VBC), and Volvo cars (VCC). The three first are 
companies within the Volvo Group, and Volvo Cars is a subsidiary of 
Ford Motor Company. 
Out of the complete result of the study, we have listed the key figures into 
tables and attempted analyzing the relations. Further, with the driving 
requirements in mind, we have commented on how several of today’s 
trends address the studied OEM challenges. 
The first contribution of this paper is the analysis of how key parameters 
in business situation affect OEM choices in architecture. The second 
contribution is the analysis of the relation between OEM business 
requirements and some of today’s trends in automotive industry. 
Section 2 contains the key figures of the study (2.1), the analysis of 
relations between architectural solutions and key figures (2.2), analysis of 
other findings (2.3), and summary of analysis (2.4). Section 3 presents 
comments to some of today’s trends in automotive electronics 
development with respect to the requirements outlined in this study. 
Section 4 concludes the paper. 
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2. THE FOUR CASES ANALYSED  
The four cases were investigated with respect to background, 
functionality, cost, standards, integration, and architecture. Informants 
from the four organizations were interviewed in a series interviews and 
common workshops where all informants participated. The complete data 
from the study is presented in [1]. Here, we outline the characteristic 
findings from each case. 
2.1 Key Figures from Study 
In order to compare the cases and analyze the result we have extracted a 
number of key parameters in business context, business requirements, and 
resulting architecture from the case studies and listed them in the 
following tables. Using this data, we present analysis of the correlation 
between key parameters in business context, business requirements and 
electronic architecture solutions. 

Table 1. Business context for each organization 

 Organization 
Business context 

VCE 
Constr. 

machines 

VTC 
Trucks 

VBC 
Buses 

VCC 
Cars 

Production 
volume 

~15000 ~80000 ~9000 ~400000 

Products ~35  ~8 7 ~8  

Vehicle platforms 4 3 2 3 

Organization size 
electronics 

~45 ~140 ~30 ~400 

Market share ~5% ~15% (~15%) ~1% 

 
VTC product volume includes only the Volvo brand trucks. ‘Products’ is 
the number of models that have an own model name. ‘Vehicle platforms’ 
is the number of physical platforms used to achieve all the products. The 
‘organization size’ includes the number of people who are working with 
development of electronic systems. The ‘Market share’ measure is an 
estimate of the percentage of the market that the OEM is in; the whole 
markets of construction equipment, trucks, busses, and cars respectively. 
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The Volvo bus figure of 15% is related to only the European market, 
which is VBCs strongest market, and the percentage of the world market 
should thus be considerably lower. 

Table 2. Business requirements for each organization organization 

  Organization 
Business 
Requirements 

VCE 
 

VTC VBC 
 

VCC 
 

Product variants Few Very many More than 
very many 

Many 

Commonality High High High High 

Hardware 
optimization 

Low Medium Medium/ 
Low 

High 

Openness Some High High None 

Customer 
adaptation 

None Much Very much None 

Safety critical Yes Yes Yes Yes 

Advanced control Yes Yes Yes Yes 

Infotainment None Some Some Much 

Telematics Little Much Much Some 

 
Table 2 constitutes the key business requirements for the different 
organizations as elicited from the case studies. ‘Product variants’ indicate 
the diversity of vehicles requested by customers. ‘Commonality’ is the 
focus of the own organization to commonalize components between 
products. The requirements for ‘Hardware optimization’ are an estimate 
of the level of optimization that the organization desires for target 
products. ‘Openness’ reflects the requirements on ability to be open and 
integrate vendor components such as an engine Electronic Control Unit 
(ECU). ‘Customer adaptation’ refers to the whishes of customers to add or 
change functionality (often by adding ECUs) to the existing system. 
‘Safety critical’, ‘Advanced control’, ‘Infotainment’, and ‘Telematics’ 
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measures represent relative estimates on the requirements for the 
respective functionality. 

Table 3. Architecture solutions for each organization        

           
Electronic 
Architecture 

VCE 
 

VTC 
 

VBC 
 

VCC 
 

Physical 
configurations 
per product  

Few Very many More than 
very many 

Many 

Network 
information 

Moderate Very large Very large Huge 

Standards – 
network 
application level 

J1587 – 
J1939 

 

J1587 – 
J1939 

 

J1587 – 
J1939 

Proprietary 
(Volcano) 

Proprietary 
(Volcano) 

Network 
technologies 

2 2 2 ~4 

Internally 
developed nodes 

All – 2-5 Few - 4-5 Few - 2-3 Very few – 
1-3 (partly) 

Ext node 
suppliers 

0 ~6-8 ~6-8 >10 

 
Table 3 presents the architecture solutions used by the different 
organizations. The ‘Physical configurations per product’ is the number of 
possible variants in ECU, sensor, and actuator configuration. The 
‘Network information’ is the amount of information on the vehicle 
network. ‘Standards – network application level’ denotes the standard 
used for specifying syntax and semantics of network messages on the 
application level. The number of ‘internally developed nodes’ refers to 
nodes whose functionality is implemented internally and not necessarily 
the hardware. In the VBC case, the number of internal nodes is what is 
developed for the chassis, and the number gets higher if VBC also 
develops the bus body. 
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2.2 Analysis of Architectural Solutions 
Here we analyze the parameters presented in the architecture table (Table 
3) in relation to the business context and business requirements. 
Physical configurations per product - A high number of variants in 
physical products is not something that an OEM desires. The aim is 
always to keep the configurations as few as possible to ease operations 
and thereby lower cost. 
The VTC high number of physical configurations is likely in 
correspondence to requirements on openness and customer adaptation. 
VTC customers require very high openness of system with a configurable 
drive train that can include non-Volvo engines and gearboxes with non-
Volvo electronics. Further VTC delivers to body builders as indicated by 
the high measure on customer adaptation.  
VBC has a similar situation as VTC, but with even higher demands from 
customers that are body builders and add chassis and superstructures to 
the vehicle. The superstructures include much electronics and this drives a 
need for numerous interfaces to the system delivered by VBC. Thus, VBC 
shows an even higher measure than VTC in the number of physical 
configurations. 
VCC that does not have high requirements on openness and customer 
adaptation, show a smaller number of configurations, but still VCC has 
many configurations. This high measure has more to do with the 
requirement for hardware optimization as many configurations can 
provide just that. The high VCC product volume is the underlying factor 
producing the high requirements for hardware optimization. 
VCE who has neither the volume to drive requirements for high hardware 
optimization or the direct requests from customers to provide an open 
system, shows no variants in ECU configuration and only few 
sensor/actuator configurations. Instead, VCE has a relatively high number 
of vehicle platforms and products, which suffices to provide a sufficient 
number of configurations to meet customer requirements. 
Network information - VCC show the highest amount of network 
information. VCC also shows requirements for much infotainment 
functions and some telematic functions, which partly explains the high 
amount of network information. Even so, the stringent requirement on 
hardware optimization is likely to affect this measure. Physical 
components can, to some extent, be replaced or reduced by the use of 
computer functionality and, thus, reducing product cost and weight of the 
car. The product volume and the requirements for hardware optimization 
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amplify the arguments for introducing these functions as they become 
available and, thus, yield an increase in network information. 
The amount of functionality can be expected to be in relation to the 
amount of network information. Thus, supposedly the requirements for 
functionality, including safety critical control, advanced control, 
infotainment, and telematics, drive the amount of network information. 
The requirements for hardware optimization are, in this sense, 
requirements for functionality that removes or reduces physical 
components. 
This reasoning corresponds well to the situation of VCE, and VTC, which 
have moderate and vary large amounts of network information 
respectively. VBC, however, shows a low volume and correspondingly 
low requirement on hardware optimization, at the same time as having 
equal requirements on functionality as VTC otherwise. The explanation 
for this seems to be the tight relation between to VTC with many systems 
reused. 
Standards – Network application level - VTC customers require 
freedom of choice in use of non-Volvo engines and gearboxes that come 
with ECUs and network interfaces. SAE J1587 was the used standard for 
diagnostics in the US market and is therefore required to be supported [4]. 
Because of the situation with vendor ECUs and body builders, the 
distributed applications cannot be governed by a VTC specific method. 
SAE J1939 is a standard that addresses problems in integrating ECUs 
from different vendors in that it defines syntax and semantics of signals. 
VCC is a passenger car company and that segment of the vehicle industry 
does not have standards that cover OEMs and suppliers, because car 
customers do not require the ability to integrate a certain vendor engine. 
Instead, VCC is free to choose tools and methods to accommodate a 
network application level interface as seem fit. VCC uses the Volcano 
concept for two reasons: (1) Volcano supports integrating vendor ECUs 
while allowing VCC to manage the network traffic. (2) Volcano also 
facilitates automated optimization of network usage by packing signals 
into frames to save bandwidth with guaranteed timing. (1) is desired 
because of the high number of external node suppliers. Having a 
communication component that provides communication services as 
specified by VCC, provide management of a network with many different 
ECUs. (2) is desired because it provides VCC with good control of 
bandwidth and timing which, in turn, provides benefits. Firstly, high 
network efficiency addresses goals in hardware optimization which is 
high in the VCC case. Predictable timing is beneficial for developing and 
assuring safe and reliable functionality. 
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Network technologies - The large amount of information together with 
the requirements for optimization in the VCC case, imply that using 
several tailored networks for specific needs can be worth the added 
development effort. The use of LIN networks [2] provide a cost effective 
network for handling locally interconnected lights and switches, and a 
high bandwidth MOST [3] network serves the needs of infotainment 
applications. 
VTC with a relatively high product volume has not chosen to introduce 
low cost or infotainment networks. Evidently, the benefits have not been 
deemed large enough for these specialized networks compared to the 
development cost and increased complexity of the system. Also for VBC 
and VCE, the increase in development cost for designing tailored 
networks is deemed unprofitable and this is reflected in the small number 
of network technologies.  
Although additional network technologies mean added complexity, LIN 
for example can lower complexity due to its ability to achieve variants 
without the need for ECU I/O variants or software variants. Also, as is the 
case with VTC, VCE, and VBC there are commonality goals within the 
organization that strongly affect the choices in network technologies. 
Internally developed nodes - The number of internally developed nodes 
differs in the four cases. VCC shows very few internally developed nodes, 
while VCE develops all nodes internally. The reason for this difference is 
mainly the differently sized markets. The market share of each 
organization together with the product volume shows an indication of the 
total size of the market. VCC stands out as operating in a very large 
market (~1% with ~400000 units). The size of market creates a situation 
where suppliers can accommodate many OEMs and get a huge market. 
This, in turn, yields prices that are, in many cases, considerably cheaper 
compared to OEM internal components.  
For VCC, this means that developing components is sometimes not an 
option as it would be a considerably more expensive alternative. Also, the 
fact that VCC shows business requirements on infotainment e.g. video, 
games and communication makes VCC prone to purchase these systems 
as they are often produced for the large mass market of consumer 
electronics. 
VBC, on the other end, shows the smallest market (~24% with ~9000 
units), and the potential for suppliers to gain large markets within the bus 
segment would therefore be limited, if the bus segment of the market was 
isolated. Busses however, have numerous components that are similar to 
the truck market. This and the fact that VBC and VTC are so tightly 
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related makes the VBC measure of few internally developed nodes, 
difficult to interpret. 
VTC, shows a relatively large market (~15% with ~80000 units), but still 
orders of magnitude smaller than VCC, develops a minor part of the 
ECUs internally. Apparently, the price benefits of purchasing supplier 
ECUs are not as great as for VCC, due to the smaller market. However, in 
terms of electronic systems, the truck market is also closely related to 
other markets e.g. busses, and this makes the potential market bigger for 
suppliers.  
VCE, who shows the second smallest market (~5% with ~15000 units), 
develops all ECUs internally. The size of the market for similar 
components is too small for suppliers to produce at a considerably lower 
price. Even though the VCE market is not magnitudes smaller than that of 
VTC, the similarity between products in this market is questionable. The 
needed electronic functionality of a wheel loader is not necessarily related 
to that of an excavator for instance, and thus, a supplier does not easily 
target all products in this market. This fact is likely to affect VCE in the 
direction of choosing internal development. 
The fact that cars have the by far largest market yields a situation where 
OEMs of other vehicles very well might consider using car components as 
their price is attractive, even though, they may not be perfectly suited to 
the intended application.  
The key to explaining the differences in internal development between the 
four organizations is, thus, the size of the market of similar components. 
A supplier that can target many OEMs with similar needs in electronic 
functionality can achieve a market far larger than the OEM alone. 
This general reasoning does not apply to all types of electronic 
functionality and all ECUs. Some components might address the whole 
vehicle market, while other may serve only a small fraction of the market. 
There are even areas where suppliers of electronic functionality can be 
target markets outside the vehicle segment such as machinery, consumer 
electronics etc. but the size of market does have the influence of creating 
cheap components and thereby making OEMs purchase rather than 
develop components. 
2.3 Analysis of Other Key Mechanisms 
The analysis of the resulting architectures against a background of 
business context and business requirements has shown a number of 
central mechanisms that are crucial to the reasoning of the OEMs. These 
key notions deserve some explanation.  
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Annual production volume - The case study has shown that the product 
volumes are different in the four organizations, and thereby also the focus 
on fixed cost and hardware optimization. The willingness to reduce 
variable cost at the expense of fixed cost increases with the product 
volume. One way of reducing variable cost is to optimize vehicle 
hardware content to include a minimum of resources. This way, 
development effort is spent to reduce the cost of each product. This is also 
reflected in table 1 by the organization size; VCC having the highest 
number of engineers in electronic development. Software components are 
not subject to the optimization profit in that they represent almost only a 
fixed cost. VCC that produces vehicles in the range of 400000, can benefit 
to a larger extent by reducing variable cost, and therefore an increased 
cost for design of optimal hardware is more profitable than for VBC that 
has volumes in the range of 9000. 
The focus on commonality - The desire for ‘Commonality’ is the desire 
to commonalize and coordinate use of components in many product lines. 
All four organizations emphasize the desire for commonality, which 
shows that commonality is not solely related to the product volume. All 
OEMs desire commonality because of the benefits in purchasing large 
volumes of components, but also has to balance these goals with benefits 
of optimization to reduce cost. The reason for the shared emphasis, 
although volumes are different, is related to the fact that production and 
service is costly with worldwide distribution as well as factories and 
service shops keeping physical components in store. Hence, the number of 
physical components must be kept low. Software on the other hand, 
should not present a high cost for distribution and storage. Instead, the use 
of numerous variants of software puts strain on working process and 
configuration management, but not on the cost of operations.  
Commonality also indirectly affects the use of technology, process and 
tools which should affect development cost, knowledge transfer and 
supposedly product quality.  
Methods for integration - VCC, VTC, and VBC uses the communication 
busses as interfaces in the process of integrating subsystems while VCE is 
not yet integrating vendor ECUs at all. The method to perform integration 
differs between the organizations. The method of specifying bandwidth 
and signals with Volcano together with statecharts, and power 
consumption, is suitable if the vendors can agree to follow OEM 
specifications. VCC specifies in this way to vendors, while VTC and VBC 
both have requirements on high openness in that specific components 
should be possible to integrate. Some crucial components such as a 
vendor engine can be manufactured by a large company that does not 
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easily conform to VTC or VBC specific requests. Instead the interfaces 
are defined in standards. This is, in short, how the different organizations 
use different methods for integration. 
2.4 Summary of Analysis 
The bottom line of the provided analysis is that, even though the four 
electronic architectures are used for vehicles with many similarities in 
functionality, the resulting architectures show differences in key 
architectural solutions. These differences stem from the fact that business 
context and business requirements differ in the four organizations.  
Analyzing the relation between key parameters in business context, 
business requirements, and resulting architectural solutions has shown that 
the four organizations are choosing different architectural solutions. The 
key parameters that affect these choices are product volume, market size, 
and requirements for openness and customer adaptation. 
These results are valid for the four organizations and for organizations 
with similar business situations. An automotive organization with some 
business parameters way outside the scope of these cases might not be 
included by the explanations provided. On the other hand, none of the 
lines of reasoning are specific to these four cases, except the commonality 
relation that exists within the Volvo group. Also, the line of reasoning is 
presented so that deviations from the assumptions in this work should be 
identifiable. The reasoning on basic parameters such as product volume, 
and market size should be applicable in a more general setting than just 
the automotive industry since these business settings has no dependency 
to automotive products. 

3. TRENDS IN PERSPECTIVE OF STUDY 
Against the background of this study, we use this chapter to reflect on 
some contemporary trends in automotive electronics development today. 
This constitutes discussion topics and speculation on why certain 
solutions are in focus today and presenting solutions in the light of some 
of the key challenges. 
3.1 Summary of Requirements 
In order to summarize some of the challenges faced by OEMs with 
respect to computer systems, we note that the following areas are 
recognized by the four organizations in this study. 
Integration - The OEM situation puts integration in focus. The OEM 
must purchase components from suppliers in order to keep costs down, 
while at the same time leveraging reliability and safety. Methods and tools 
for specifying and verifying compositions are strongly in focus. Today, 
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integration is largely done using a communication bus as an interface 
between vendor ECUs. 
Cost, Safety, and Functionality - Drives the exchange of physical 
components to computer systems. Cost can be severely reduced by 
removing or reducing mechanical components e.g. the removal of steering 
column or reducing dimensions of a shaft. As more and more control is 
done by computers, optimizing or coordinating functions gets feasible. 
For instance; fuel consumption can be reduced by considering many 
temperature and load sensors, or brake coordination. Also, safety 
functions are made feasible by computers and software. While allowing 
functions such as ESP and active collision avoidance, computer controlled 
systems can also impose a challenge with respect to safety. Assuring 
computer system function is recognized as more difficult than assuring the 
replaced mechanical system. 
Aftermarket - As the computer system become more complex, the 
handling of configurations gets more difficult. Functions to accommodate 
e.g. emission reduction or reduced wear, may require unique software or 
parameters for each individual vehicle. Moreover, keeping track of 
compatibility among the subsystems is a challenge since products live for 
a relatively long time with many versions released. Distribution and 
storage of software is not burdened with the high costs of physical 
components, but complex processes introduce cost and some risk as 
failures affect customer relations just as a failed physical component. 
Finally, the manufacturing of processors and memory chips may be 
discontinued during the vehicle life-time. This can force redesigns of 
hardware, causing costly re-verifications or costly stock piling of 
components. 
Variants, Brand and Commonality - Requirements on providing 
computer systems in many variants yielding different look and feel of the 
product are recognized as important means to satisfy different customers. 
Achieving this by using variants of the same design is desired due to goals 
in commonality.  
3.2 Addressing Requirements 
Currently, some solutions are proposed as means to address these 
problems in developing vehicle electronic systems. Here, we describe 
them in the light of these requirements.  
Model-based development tools - Using a model to construct a system is 
always preferred to prototyping and testing due to cost and development 
time. The aim with using a model is to predict aspects of the system 
before constructed. Models of computer systems are currently not as 
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mature as models of mechanical systems and the potential of achieving 
mature models is considered huge. Thus, the desired models should offer 
a high level view of the system allowing predictions on properties such as 
reliability, overview of system functionality and implementation. All with 
the aim at leveraging complexity – increasing quality and reducing cost.  
Current model based tools include code generators in such tools as 
Rational Rose [5] and Rhapsody [6], where graphical representations of a 
software system automatically generates implementation. 
The unified modeling language, UML [7], is intended to provide such a 
high level model where the system can be described using object oriented 
graphical notations. UML also include use case diagrams which can be 
used for specifying system functionality.  
The goal of modeling clearly addresses requirements on cost, reliability, 
and integration. As models become more mature, OEMs of automotive 
vehicles can reduce the number of prototypes during development.  
Software architecture - As computer hardware is getting cheaper while 
housings, connectors, and cables are not, we will get more processing 
power and reduce product cost mainly by reducing the number of control 
units. Fewer control units implies more software in each one. OEMs that 
come up with methods to integrate software components from different 
vendors in the same ECU will, thus, be able to reduce product cost. 
Challenges in achieving this goal include problems with specification, 
intellectual property (IP) issues, safety, and verification.  
To make this feasible, software architectures are investigated that provide 
the necessary mechanisms for automotive applications and at the same 
time can be agreed upon by many OEMs and suppliers making it a 
standard.  
The EAST-EEA project [8] involved some of the European OEMs and 
first tier suppliers, and investigates unifying the run-time environment 
(and also development process) for on-board software. One goal of this 
project is to define a software middleware based on OSEK specifications 
in order to allow integration and partitioning of software components. The 
AUTOSAR partnership [9] of European OEMs and tier 1 suppliers, have 
a similar objective and will develop and try to establish an open standard 
for automotive software architecture. 
Network technologies - In order to meet requirements on safety, network 
technologies such as Flexray [11], TTP/C [12], and TTCAN [13] are 
proposed. These technologies include bounded message delay, global 
clock, and fault tolerance. These mechanisms all aim at assuring function 
and providing a more reliable communication link that provides means to 



 

14 

ensure safety related transmissions. These busses are all based on the 
time-triggered paradigm where the progression of time initiates data 
transfers rater than asynchronous events. The time-triggered busses 
provide synchronous communication without the need for arbitration. 
Therefore the time-triggered protocols are suitable for implementing 
safety critical control functions with stringent demands on low latency 
and low jitter. 
Low cost busses have been introduced in automotive applications in order 
to facilitate cost effective integration of components such as smart sensors 
and actuators into the vehicle network. Smart sensors and actuators have 
some ability to process (typically filter, or translate) measurements and 
send signals on the network whereas non-intelligent ones are wired to the 
I/O of an ECU that handles processing. The introduction of low cost 
controllers and single-wire networks is made at the expense of bandwidth, 
which is relatively low for these busses. The low cost busses also present 
a way of reducing complexity of the master node and facilitate variants in 
differently equipped products with only one ECU configuration. 
Since vehicles are becoming equipped with more and more multimedia 
and telematics applications, the need for dedicated infotainment busses 
has arisen. A network in this category is MOST (Media Oriented Systems 
Transport) [3], which is based on optical fibre technology, and provides 
high bandwidth and services optimized for infotainment applications.  
By wire solutions - Inside the computer system, everything can be 
considered to be a “by-wire” solution, but generally exchanging crucial 
functions like steering and braking is considered when using the term by-
wire. As reported in this study, many functions are already implemented 
using the computer system. However, computer control of all the crucial 
functions to do with maneuvering the vehicle is considered as a shift in 
paradigm. In order to do so, the OEM must be confident that the computer 
system is at least as safe as a passive system and this is shown to be more 
difficult in computer systems as the failure modes increase [14]. The 
systems that are considered to have a safe state, e.g. the throttle, are easier 
to change into by-wire and all the vehicles investigated in this study have 
by-wire accelerator.  
The trend towards by wire solutions is strong because of the envisioned 
benefits. Decreased product cost and numerous new types of functions can 
be offered. The product cost would become reduced because of removed 
hydraulic and mechanical links. Also many new functions would be 
facilitated, many of which are safety enhancing functions, such as 
emergency braking and collision avoidance. The overall layout of the 
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vehicle would also become more flexible as fixed mechanical solutions 
are removed. 

4. CONCLUSION 
We have presented four case studies of vehicle electronic architectures in 
their business situation; in this describing the business context, business 
requirements, and resulting electronic architectures. 
We have shown that challenges in cost, integration, variants, brands, and 
commonality as well as challenges in functionality, aftermarket, and 
safety are important to OEMs design decisions. Further, there are 
parameters in the business context of an OEM that strongly affects design 
decisions such as product volume and size of the market. The analysis 
shows that despite a common base of similar vehicle functionality the 
resulting electronic architectures used by the four organizations are quite 
different. The reason for this becomes apparent when looking at different 
business context and business requirements and their affect on the 
architecture. Differences in business situation drive the use of different 
methods for integration, different standards, different number of 
configurations, and different focus in the development effort. Some key 
parameters in business situation affecting architectural design decisions 
are shown to be product volume, size of market, and business 
requirements on openness and customer adaptation. 
An important lesson from this is that one should be very careful to 
uncritically apply technical solutions from one industry in another, even 
when they are as closely related as the applications described in this work. 
Understanding the requirements from the business case is the key to 
choosing architectural solutions. 
Against the background of this study, we have also reflected on some 
contemporary trends in automotive electronics today and provided 
discussion topics and speculation on why certain solutions are in focus 
today. These speculative sections include the topics; model based 
development tools, software architecture, network technologies, and by-
wire solutions. 
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Abstract
In this paper, we present a multiple case study on integration

of automotive mechatronic components. Based on the �ndings,
we identify that the root causes of problems in integration are
largely related to decisions omitted in electronic strategy. We
present and recommend use of checklists de�ning key factors to
address in order to achieve successful integration projects in terms
of cost and quality. Our recommendations are de�ned by check-
lists for critical decisions in areas; functionality, platform, inte-
gration, and stakeholder involvement. The recommendations are
established based on practitioner experience and then validated
in a multiple case study. Five cases of integration are studied
for di�erent heavy vehicles in one company, and the ful�llment
of our recommendations is measured. Finally we de�ne project
success criteria and we compare the level of ful�llment with the
project success in terms of time plan and resource consumption.
The main contribution of this study is the validated recommen-
dations, each including a set of checkpoints that de�nes recom-
mendation ful�llment. We also present de�ning characteristics
to identify a high risk project. We provide a set of observable
project properties and show how they a�ect project risk.
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1 Introduction
The majority of functions in a modern vehicle are partly controlled by elec-
tronics, i.e., software controlling physical devices via electronic hardware.
As the electronic system becomes more de�ning for vehicle behavior, the
integration focuses more and more on the electronics. "Ninety percent of in-
novations in a modern car are based on new developments in electronics" [22]
is stated by one of the world�s largest suppliers of automotive components.
To fully bene�t from these innovations and in order to achieve the valued
qualities of any vehicle such as comfort, energy optimization or performance,
the integration of electronic systems plays a vital role.

Demands for functionality in a modern vehicle together with the market
availability of electronically controlled mechatronics yield a situation where
the automotive Original Equipment Manufacturers, (OEMs), design prod-
ucts by integration of subsystems. The behavior and qualities of the ve-
hicle are much dependent on the electronic control of physical components
and, often also, on the close co-operation of di�erent electronic vehicle func-
tions. As the complexity of modern in-vehicle electronic systems increases
and imbues all vital components, the integration e�ort has a strong focus on
electronics. Also, as complexity grows the integration of electronic systems
has proven increasingly di�cult and automotive OEMs �nd cost and qual-
ity estimates challenging. OEMs of automotive products want leverage over
targeted qualities and, at the same time, the cost of scale when purchasing
supplier components.

1.1 Automotive Integration
Original Equipment Manufacturers (OEMs) of automotive vehicles face a
business situation where a product consists of numerous components; and
where the components originate both from internal and external suppliers.
Components from external suppliers are typically used wherever development
cost and project risks are deemed bene�cial compared to arranging internal
development. Thus, one task of the OEM is to integrate components to form
an overall system design that constitutes a vehicle. Many of the components
available in the market of automotive components are mechatronic, i.e., be-
sides the mechanical parts they include embedded electronics. Examples are
brake-, engine-, hydraulic-, and climate-systems, all which typically include
advanced electronic systems. These electronic systems need to interact with
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other in-vehicle systems to deliver the intended functions. An example is an
Electronic stabilizer program, ESP, where braking, engine, and suspension
systems collaborate to achieve its function. In-vehicle computer system de-
sign is therefore partly done by designing integration solutions. The overall
goal of the electronic system design is to achieve a system that delivers its
function with targeted qualities and is feasible to produce and service. De-
sired qualities such as reliability, safety, and maintainability a�ect choices in
platform architecture. For instance, to achieve high reliability and enable
safety analysis OEMs often use buses and protocols with fault tolerance and
bounded transmission time. The need for maintainability drives architectural
choices in diagnostic systems such as standardized ways of signaling faults.
Cost targets drive the use of platforms both for the complete vehicle as well
as for the in-vehicle computer system. An in-vehicle computer platform is
a set of design decisions, components, processes and tools that is reused be-
tween vehicles [8]. The architectural choices related to the electronic system
are manifested in the platform. Examples are operating systems, commu-
nication buses, software component models, but also design principles such
as a principle of allowing only cyclical messages on some critical bus. A
platform has longer life span than a single product and its design is not
freely changed during vehicle projects. Choices in diagnostic strategy and
fault handling, for instance, are not made for each vehicle and often cannot
be altered during integration of a component. A supplier of an electronic
component designs the component with desired qualities and cost targets
and makes di�erent architectural choices. There is a possible architectural
mismatch and the electronic component can conform more or less well to its
intended environment.

Thus, when integrating a component in an existing platform we are pre-
sented with design constraints both from the platform and the component.
In order to �nd a design that meets all requirements and constraints, an
integration solution is desired. Here, we refer to the process of doing this
design as integration. Given an o�-the-shelf component and a platform with
largely decided architecture, an integration project can involve redesign or
design of an adaptation. Thus, in order to achieve an integration solution
we have the following parameters to change; 1, Revise the component, 2,
Revise the platform, or 3, design a "glue" solution, indicated by the dark
adaptation area in Figure 1. An adaptation is anything that is required to
get the intended functionality and quality from the component. Examples
could be software to translate signals into a desired format, adding memory
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Figure 1: In-vehicle electronic system design by integration

protection, adding a bus gateway, changing of I/O, or freeing resources to
satisfy the component. In an automotive context, the revision of a compo-
nent can typically include a changed interface for the services provided of
the component such as diagnostic and fault reporting. Also the functionality
of the component can be extended to support di�erent modes of operation,
e.g., energy, or safe modes, or to support better control capabilities.

1.2 Problem
Modern vehicles contain electronics in all vital components and the success of
a vehicle is dependent on the in-vehicle electronic system. OEMs experience
a larger portion of the vehicle development projects are spent on electronic
systems [14]. Development of electronic systems is typically performed late,
close to production start, and is therefore critical to meet plans for produc-
tion. The e�ort of integrating electronic systems has proven di�cult with
respect to assessing project success in terms of time and cost [3]. Automotive
OEMs desire both the bene�ts in cost and functionality by using specialized
suppliers, and an electronic system that enables successful vehicles: both in
terms of vehicle behavior and life cycle support such as service and produc-
tion. This puts focus on the OEM ability to integrate electronic systems.
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An OEM used to develop computers and software in-house need to shift to
a model of development more focused on system integration. Technical and
architectural solutions for integration need to be investigated with respect to
success of integration projects. Also, the engineering methods of integration
need to be decided. To enable reasonable e�orts in evaluating integration
solutions, one key is to enable approximate evaluation with less than full
information, and thus �nd key factors and simpli�ed models [5].

1.3 Study Objectives
Ultimately, OEMs would want to have predictions on which platform archi-
tecture, integration solutions, and integration methods that lead to successful
projects. In this study we have studied what practices and techniques that
a�ect the outcome of integration projects and the goal of the study is to show
which factors are the most important. The idea is to provide, not only, a list
of a�ecting factors, but a list of key factors that should not be omitted when
executing a project of mechatronic integration. The objectives of this study
are:

1. To identify key factors that a�ect project success.

2. To propose a checklist with recommendations.

3. To validate the recommendations.

In this study we focus on the OEM problems in integration. By analyz-
ing the cases we identify key factors and how they a�ect the outcome. We
collect these factors and provide a checklist of best practices for an OEM of
automotive products. Having the checklist, we aim to validate its recommen-
dations by measuring ful�llment and project success in a series of projects.
The overall objective is, thus, to provide a usable checklist for integration
projects that includes key factors that are shown to avoid problems.

2 Related Work
As presented in the preceding sections, integration in the automotive domain
is the e�ort on joining together mechatronic sub-systems from many suppli-
ers. To achieve success in such projects, use of sound systems-engineering
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principles is a key to success. To assess a company's systems engineering ca-
pabilities the SE-CMM method can be used [9], the practices described in the
method is sound and can also serve as guidance when developing processes
and guidelines. SE-CMM practice area PA 05, treats our area, system inte-
gration. In our work we focus on describing the details of practical cases and
assess which practices are the key factors in achieving success. In a study by
Nellore and Balachandra [15], the systems engineering practices at a major
European premium car manufacturer were reported. The study covers the
entire project phase, and as a consequence, is not very detailed regarding
sub-system integration. However, Nellore and Balachandras identi�es that
suppliers require speci�cations according to their history of OEM cooper-
ation, and this is con�rmed in our study. We focus on integration of the
electronic part, i.e., software and electronics hardware, of the mechatronic
component, because this part is often problematic to integrate. Thus, this
is an area where more research is needed. There are two major design ap-
proaches to integrate the electronic part of a mechatronic component into
the electronic system; we will examine both alternatives here:

• Hardware integration, which traditionally is the most common ap-
proach in the automotive domain. The integration here is realized
through connecting a computer system, i.e., Electronic Control Unit
(ECU), to a computer network in the vehicle. The integration inter-
face is the computer network, and interaction with other parts of the
system is through message exchange over the network.

• Software integration, which has much focus in current research and
standardization e�orts in the domain. In this case the integration is
performed through deploying a software component on an ECU which
is not part of the mechatronic component. The intention is to deploy
several software components on the same electronic hardware; one goal
is to decrease the number of ECUs. The software integration solution
o�er to partition software and con�gure ECUs more freely. In this case
the integration interface is the software environment on the receiving
ECU.

To simplify the speci�cation and integration work with hardware compo-
nents, standards can be used. Common in vehicle industry today is to use
CAN [11] busses as physical medium with standard protocols on top, e.g.,
SAE J1939 [23] specifying the syntax and the sematics of certain messages
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including message identi�ers and value range, as well as their meaning. In
terms of integration this gives the OEM and suppliers a common agreement
on bus interface. Another common method in combination with CAN is to
use tools to package individual signals into proprietary messages on the bus
and derive priorities so that temporal constraints are met, e.g., the Volcano
tool [6]. In this case the OEM-supplier agreement is not standardized bus
messages, but standardized communication software on ECUs which let the
OEM con�gure bus tra�c. Furthermore, there are numerous scheduling algo-
rithms that can be applied on top of CAN providing bandwidth and timing
guarantees for ECUs independent of the behavior of other ECUs. Typi-
cally these algorithms limits the e�ects of the node driven access to the bus
through introducing time-driven access in some form, e.g., TT-CAN [12] and
server CAN [19]. Nolte et al presents a survey of di�erent alternatives that
facilitates sub-system integration in the context of the CAN protocol in [18],
including the discussed J1939, Volcano, TT-CAN, and server-CAN. There
are also recent automotive communication protocols that are time-triggered
in the basic speci�cation, e.g., FlexRay [10]. Standards have also been used
to simplify integration of software components. In the automotive domain
OSEK/VDX [20] aims to de�ne an open architecture that standardize soft-
ware interface to communication, network management, and operating sys-
tem. An ongoing standardization e�ort is the AUTOSAR [4] project, its goal
is to create a global standard for basic software functions such as communi-
cations and diagnostics. From an integration point of view, AUTOSAR pro-
vides mechanisms for routing communications between software components
regardless of their locations, both within a node and over networks. There
are currently much research e�orts in the area of software component tech-
nologies for embedded systems; several of these results could be interesting to
support integration of software components in our context. However, avail-
ability of suppliers supporting the technologies is a requirement by OEMs
before adopting it as integration platform. A major ongoing project is the
DECOS project [7]. DECOS is focusing on safety critical systems, e.g., auto-
motive and aerospace applications. The core of DECOS is a time-triggered
architecture, providing both spatial and temporal partitioning, preventing
interference among components sharing access to devices, as well as timing
interference between components. Much of the current research work focus
on smaller software components to be used for in-house development, e.g.,
Koala [24] and PECOS [17]. SaveCCT [1] is also one of these technologies,
but in current e�orts we try to expand the size of components to suit sub-
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systems traded between suppliers and OEMs [2].

3 Method
This section describes the method used to perform the study. First, we state
what basic steps are done during the execution of the study. Also, we present
our way of measuring project success and our reasoning on validity of the
results.

3.1 Method Overview
In the initial investigation, integration problems in three of the �ve cases
were studied. The data was collected by in-depth interviews with engineers,
project managers, and specialists. Based on the �ndings of this study, our
analysis gives a set of measures that would counteract the reported problems.
These measures are listed in a guideline. We categorize measures into four
categories which we label recommendations one through four, R1-R4. In
order to validate the recommendations, a second study was made. We listed
observable checkpoints to inspect to which degree each item in the guideline
was ful�lled. Also, we de�ned criteria for project success. We applied the
method to all �ve integration projects. The data collection in this second
phase was performed by interviews and follow ups were made with phone
calls and e-mail.

3.2 Criteria for project success
As mentioned, the problems in integration of automotive mechatronics relate
to achieving both quality and cost of the complete vehicle and integration is
an important factor contributing to these goals. In order to measure project
success we rely on measuring the ful�llment of project plan, project cost, and
planned product cost. We do not measure explicitly the outcome in terms
of quality. However, the achieved qualities like serviceability and reliability
of the vehicle is largely decided early by selecting strategies for diagnostics,
fault behavior and more. The desired quality is therefore achieved if the
project is executed as planned. Many of these strategies are, once chosen, not
negotiable. If a component were to fail in complying to a decided diagnostic
signaling scheme for instance, the world wide service organization may not
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be able to handle this component, which certainly would prevent the vehicle
from being produced at all. Instead projects are delayed or more costly than
planned, but the decided functionality is achieved. The ful�llment of the
quality-wise important functions of the electronic system are thus measured
correctly by our de�nition of project success. However, quality �aws of the
electronic system itself such as bugs and faulty connectors would not turn up
in our measure, and would instead require studying operation of the system.
In the studied cases, there was no concept decisions revoked related to the
integration, but certainly not all met the project targets on resources and
product cost. In summary we rely on our de�nition of project success to
include indirectly a measure of quality.

3.3 Validity of results
The results and recommendations are derived from �ve cases from a single
company. Although the stipulated problem of integration is the same in
another company, the di�ering context can yield di�erent importance to the
problems found in this study. One factor that may have impact and likely
to be di�erent is the platform architecture. The problems in integration are
general to automotive OEMs, and our recommendations are valid to tackle
the stated problems. But the severity of each problem may well di�er in
a di�erent context, and our recommendations, although we show them to
be necessary, may not be enough to counteract problems. It is however
likely that many of our recommendations are valid within many automotive
companies, although dedicated studies have to be made to verify this.

4 Recommendations
As mentioned we have initially analyzed data from three integration projects
and present a checklist with recommendations to achieve project success.
We then validate our checklist by collecting data on practices for each case
and correlate that to collected data on project success. Thus, the �rst task
was to �nd the root problems from the collected data and to set up logi-
cal countermeasures. The countermeasures were collected in four checklists
corresponding to four di�erent areas of concern. Our main hypothesis was
that ful�llment of the checklists will yield project success. In this section,
we describe the reasoning to support our recommendations. Later sections
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describe the validation of our hypothesis, i.e., the validity of our recommen-
dations in a series of projects.

From the interviews, reported problems were analyzed and experience
from involved sta� was collected. This knowledge has been analyzed and
elaborated into a list of recommended practices for integration of electronic
sub-systems. Each recommendation includes several checkpoints that stip-
ulate a strategy decision. We see the problems largely originate from early
phases of decision making. The root causes of the problems come from fail-
ures to address choices in design strategy. Each choice in design strategy is
here annoted by a checkpoint. We see from the study that omissions cause
problems and consequently the recommendation is a set if checkpoints that
should not be omitted. We support each recommendation with reasoning and
�ndings from the study. Each checkpoint is shown as a leaf in the following
�gures, and each checkpoint represents a strategy that should be decided in
order to comply with that recommendation.

4.1 Recommendation 1 - Functionality
Here, we present a detailed list of checkpoints that supports deciding on func-
tionality. The checkpoints de�ne recommendation R1. Recommendation 1 -

All the functionality of the component should be decided prior to designing
integration solution. The study shows that problems arise when key areas of

functionality is not decided. Especially, the study shows that much of the
focus prior to choosing component is on the operational functionality of the
component while diagnostic functions and system interaction issues are omit-
ted. Examples are system degradation behavior, fault signaling, and produc-
tion tests, all of which often constitute a major part of the electronic system.
Another typical problem reported was that the detailed technical issues of
protocols, interfaces, and tools were wrongly estimated to be adaptable. We
draw the conclusion that the system level functionality and all interaction
between component and system should be decided prior to technical design.
Figure 2 de�nes a set of checkpoints to counteract the reported problems.
Each checkpoint is represented by a leaf in the tree and it corresponds to
a decision that should be performed to comply with the recommendation.
Decisions on timing, diagnostic functions, operation, and fault behavior were
reported as being incomplete and to cause problems in some cases. Therefore
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Calibration

Diagnostics

Figure 2: Checkpoints for Recommendation 1

we collect these decisions for the recommendation 1 checklist. First, decisions
on timing include control parameters such as latency, period time and jitter.
The diagnostic functions were reported in more detail and include general
data reporting, software upgrade, and calibration functions. Data reporting
functions are functions that report measurements, faults and status of the
subsystem, e.g., sensor value and status. Software upgrade is the function-
ality that allows downloading new software in an ECU after the product is
sold. This is reported important as it enables updates without replacing
the physical ECU. In addition, many mechatronic components require cal-
ibration to compensate for component variations and this functionality has
to be included and used in production. The operation checkpoint refers to
the main function of the mechatronic component such as providing climate
control. The last checkpoint in Figure 2 is fault behavior and this means
typically the functionality of acting in accordance with a system wide fault
state. The sematics or behaviour in each state should be decided for the given
component. Also, the component in itself can introduce new fault states. All
these checkpoints on functionality require decisions. To comply fully with
the recommendation R1, all the functionality involved in each checkpoint
should be decided.

4.2 Recommendation 2 - Platform
In Figure 3, we present a list of checkpoints that support decision mak-
ing for what platform constraints that applies to this particular component.
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Figure 3: Checkpoints for Recommendation 2

The checkpoints de�ne recommendation R2. Recommendation 2 - Know the

design constraints imposed by the platform prior to designing integration so-
lution. Decisions on functionality will act as implementation requirements,

but in addition, there are requirements that originate from design decisions
taken for the platform. An OEM vehicle platform has longer life span that
the products it enables and its design is not normally changed due to the
needs of a single integration or product project. Thus, the platform imposes
constraints on how the component can be integrated. More precisely, the
platform de�nes how components interact by its inherent choices in para-
digm, technology, and infrastructure. This is true both for software and
hardware components. The study shows that it is crucial to know these con-
straints to avoid project failure. Each checkpoint, thus, involves knowing one
or more constraints and deciding to adhere to it. The critical decisions to
take according to the study results are shown in Figure 3. The checkpoints
are divided into constraints related to the infrastructure of the system and
constraints related to choices in technology and standards. The infrastruc-
ture of an automotive electronic platform does include some mechanism to
support di�erent system modes and also it may involve functional principles
or inherent system philosophies. The platform have explicit system modes
such as safe mode, key modes, and perhaps other operational modes, and
the component must provide functionality to support this. One example
is a gearbox that could be made to reduce operation if some other part of
the system experiences a critical fault and enters a limp home mode, where
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the vehicle is reduced to using only the �rst gear. Also, the same gearbox
is perhaps to prevent gear shifting if the key is not turned on or to sup-
port energy e�cient modes of operation. It must be known what system
modes in the platform that is relevant to the component to be integrated
to ful�ll the checkpoint. The platform can also contain other principles of
operation. System design principles can include paradigms such as time
triggered software execution or bus communication, or a client server archi-
tecture in software. In the category of technology and standard restrictions,
communication protocols are mentioned together with company proprietary
extensions. Standards and OEM extensions stipulate syntax and semantics
of messages on a communication bus and therefore limit the design space for
integration. Interview data also show that tool dependencies have been un-
clear and supposedly caused problems in integration. Lacking knowledge and
decisions on these issues are potential causes of problems. It can be argued
that simply knowing the constraint does not automatically cause a correct
design. A team of engineers could still choose to connect something that only
ful�ls basic structural constraints such as protocol syntax and physical bus
connector. What the study shows, however, is that it is the knowledge does
cause a correct design. Problems occur when a component is selected with-
out knowing or considering platform constraints in detail. The checkpoints
related to platform constraints are collected in recommendation R2.

4.3 Recommendation 3 - Integration
In Figure 4, we present a list of checkpoints that supports deciding on an
integration solution for one candidate component. The checkpoints de�ne
recommendation R3. Recommendation 3 - The integration solutions should

be investigated and a strategy chosen prior to choosing component. Data from

the cases show that components have been chosen in early phases of concept
design where both functionality and integration feasibility have been esti-
mated. In order to evaluate one mechatronic component, we must consider
both the component itself and the adaptation to the platform as indicated
by the dark area in Figure 1.

Failing to address the adaptation, we will not know what component
functions and properties that will become useful to the system. Our recom-
mendation involves evaluating each candidate to compare e�ort and value
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Figure 4: Checkpoints for Recommendation 3

before choosing candidate. However the checklist can be used even if the se-
lection is already done. Thus, failing to evaluate all candidate components,
at least the feasibility of integration should be evaluated for the chosen com-
ponent. Not deciding on integration strategy according to these checkpoints
impact the project resource consumption very negatively according to our
study. Seemingly minor issues such as a con�icting bus message id, has later
proved to be problematic to change. Here, there are two basic choices in
integration strategy as shown in Figure 4. Either the strategy is to integrate
an ECU on communication busses in the system (hardware integration), or
to integrate software functionality into an existing ECU (software integra-
tion). The checklist for actions is di�erent in the two strategies. Basically,
in order to select the optimal component, we suggest evaluating both strate-
gies and compare the e�ort needed given the wanted functionality. However,
if there are reasons why the strategy cannot be freely chosen, the checklist
can be applied for only the selected strategy, i.e., hardware or software inte-
gration. For hardware integration, the checklist includes decisions to make
for physical interface and environmental requirements on physical parts. For
instance, for a given functionality, the ECU may need to be connected to sev-
eral networks and this should be explicitly decided and feasibility should be
assessed. Also, there are decisions to make for environmental requirements.
These are likely speci�ed by standards and there may be di�erent areas of
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Figure 5: Checkpoints for Recommendation 4

the vehicle that implies di�erent physical roughness. These decisions should
be explicitly stated and agreed upon with suppliers. For software integration
the focus is largely di�erent. A software component can be integrated by de-
ciding and specifying the software platform interface for the intended ECU
host. Decisions should be made on compiler dependencies, execution model,
and software platform services. Also, the resource consumption of a software
component should be decided because there are limited system resources.
There can be integration cases where hardware and software strategies are
mixed, e.g., if a software component, an ECU, and a set of electronic sensors
are delivered by di�erent suppliers. The recommendation is still valid, but
the internal software design issues become the concern of a supplier. All the
checkpoints related to designing the integration solution, we have collected
into the recommendation R3.

4.4 Recommendation 4 - Involvement and responsibility
In Figure 5, we present a detailed list of checkpoints to observe in order to
address involvement and responsibility assigning. The checkpoints de�ne rec-
ommendation R4. Recommendation 4 - All stakeholders should be involved

and the responsibilities should be assigned for the activities of the subsystem
lifecycle. The investigated cases show incompleteness in responsibilities as

one likely reason for delay and increased project cost. There were several
departments within the OEM that initiated projects involving electronics.
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Also the electronic system spans most of the vehicle subsystems and it was
not always decided what role was to be responsible for each electronic sub-
system. Reportedly, roles in service, maintenance and electronics were not
fully decided. Also ownership of designs was mentioned as a potential pitfall
for the project outcome.

5 Five Cases Analyzed
Here, we present the data from the �ve studied cases of automotive mecha-
tronic integration (section 5.1). We present case descriptions to show the
context of each case. Also, data on ful�llment (section 5.2) and project suc-
cess (section 5.3) is shown for each case. Any references to actual products
or projects have been removed.

5.1 Case data
In Figure 6 an overview of the contents in the di�erent cases is presented. The
�gure shows that all cases included the elements of software and mechanics,
while whether electronics and ECU was included in the integration projects
varied in the di�erent cases.

Case #1 This project introduced computer controlled mechanics related
to the drive train. A supplier o�ered a system with mechanical components
as well as control system including sensors, actuator, computer hardware and
software. The decision was made to purchase the mechanical parts with �tted
sensors and actuators and the software as a binary component, but not the
computer hardware. Thus, the algorithms controlling the mechanical parts
are implemented in a software component by the supplier, which is integrated

Case #1 Software ECU Electronics Mechanics 
Case #2 Software ECU Electronics Mechanics 
Case #3 Software ECU Electronics Mechanics 
Case #4 Software ECU Electronics Mechanics 
Case #5 Software ECU Electronics Mechanics 

Figure 6: Case characteristics
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into an existing ECU with a software platform owned by the OEM. The
software component was originally developed by the supplier for another
CPU with another compiler. Moreover, the source code was owned by the
supplier and not to be made revealed to the OEM. The software component
provided functionality that was central to the product in that it controls
functionality in the drive train. The a�ected functionality has some safety
implications due to the in�uence on vehicle handling. Initially the quality of
the functional speci�cation was poor and had to be redone during the project.
Although this integration solution did not directly a�ect any physical design
such as bus topology, the component impacts the software by making analysis
and veri�cation more di�cult.

Case #2 This project developed a modular solution to provide a climate
control in the cabins of construction equipment vehicles. Modules include;
software component encapsulating climate control algorithms and a numer-
ical keyboard with a communication bus interface. The computer hardware
was an ECU provided by the OEM and contains a software platform with
operating system and communication software components. Di�erent sets
of modules could be used in di�erent machines and the solution is intended
for integration in one of several ways, e.g., standalone, one bus connected,
or with two busses connected. In the investigated case the solution was to
have only the diagnostic bus connected. In this case there was at an early
stage an overview speci�cation on how integration was to be made with re-
spect to communication, i.e., it was speci�ed to adhere to OEM internal
diagnostics protocol. The overall impact on the in-vehicle computer system
was low in integrating this ECU. There were no safety implications and the
climate control system is not tightly connected to the rest of the machine
functionality. Only the diagnostic bus was to be connected and not the more
critical control bus. In terms of maintenance the solution supports design
change and replacements of physical components and software as well as
would an internally developed system. The supplier of algorithms in this
case was a company within the Volvo group. This supplier has more experi-
ence with Volvo speci�c requirements on diagnostics and general architecture
than would a random automotive supplier.

Case #3 The objective of this project was to integrate a computer con-
trolled hydraulic component to achieve a hydraulic function in a construc-
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tion equipment vehicle. The embedded computer system consisted of an
ECU with a control application and one CAN interface. Also included was
a sensor with a CAN interface. This case shows safety implications and the
functionality is central to the behavior of the product. The safety implica-
tions yield high requirements on ability to perform analysis and this, in turn,
make integration more di�cult. This component required a high degree of
interaction with the vehicle electronic system. Many problems had to be
handled during the project. The component did not conform to the present
platform diagnostic system. Thus, an integration solution that translated
diagnostic information was required. The fault behavior of the ECU was not
speci�ed at the start of the project nor was the bus communication. As a
result, the ECU software needed late changes.

Case #4 In this case a project was run to integrate functionality related
to the powertrain of a construction equipment vehicle. Decisions were made
to purchase a complete system with mechanics, electronic hardware and soft-
ware. The system that constitutes the component for integration in this case
included a single CAN interface. The component has impact on products
behavior and some safety implications. There were early decisions to avoid
adopting the component functionality to platform diagnostic principles, e.g.,
software upgrade of this ECU was not to be supported. The problems encoun-
tered in this project were mainly related to the environmental requirements
of the electronic hardware included.

Case #5 This case consists of a project to integrate a mechatronic compo-
nent used for hydraulic control. The component consists of hydraulic compo-
nents, electronic hardware, and software. Like in case #2, the software was
decided to run on an ECU from the OEM. The component is central to the
vehicles core functions and behavior, and it is safety related. The electronics
of the component interacts with the in-vehicle system to a large extent, and
thus its integration has high impact on the electronic platform.

5.2 Ful�llment of Recommendations
In order to measure how each of the investigated projects ful�ll the recom-
mendations, we have collected data on how the projects were run. For each
checkpoint in the recommendations, we investigate if the corresponding deci-
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sion was taken at the time of choosing component. Also, for each checkpoint,
we determine if the decision was changed during the project.

R1 - Functionality The �rst recommendation R1 stipulates that decisions
on functionality should be made prior to designing the integration solution.
In Table 1, we present the decision status with respect to functionality for
each project at the time when the component was chosen. The de�nition

Table 1: Early electronics functionality decisions

Operation Diagnostics Fault behavior Timing
Overall
ful�llment
R1

#1 Good Good Good Good 4.0
#2 Very good good Ok Good 4.2
#3 Ok Poor Poor Poor 2.2
#4 Ok Good Good Ok 3.2
#5 Poor Ok Good Good 3.2

of the scale is shown in Table 2. Case #2 is shown to have the highest
ful�llment and case #3 the lowest. There seems to be no strong correlation
between the di�erent types of functionality decisions; a component can have
a poor degree of ful�llment in operation while having good ful�llment in fault
behavior like case #5. One common response from the respondents of the
interview was that early focus was aimed at only the operational functionality
of the component while diagnostics and fault behavior was forgotten. There
seems to be no support for this statement. Another explanation can be
that this type of omission is done consistently throughout the projects and
responses are relative to the "usual" poor decision making in diagnostics and
fault behavior.

Table 2: Legend for ful�llment of the functionality recommendation
5 Very good Decided and complete speci�cation
4 Good Decided
3 Ok Most decided
2 Poor Little decided
1 Very poor Nothing decided
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R2 - Platform The second recommendation, R2, stipulated that the plat-
form requirements should be known prior to designing the integration solu-
tion. We show project status with respect to the degree of decisions that
were made on platform requirements at the time when the component were
chosen.

The scale of measurement for ful�llment of platform requirement decisions
is shown in Table 3. The �rst measure here is an average estimate by the
involved people. The two following are measures of actual practices although
thay show little span. Either we could rely on the estimates, the actual
measures, or a combination. It seems the overall ful�lment would be in tha
same range in either way and we conclude that the overall ful�lment measure
of R2 as shown in Table 4 can be used to analyze the cases.

R3 - Integration Solution The third recommendation states that the
integration solution should be investigated at least for the component to be
integrated prior to running the project. In the studied cases we have collected
data on both the degree of design decisions and the degree of deviation from
these decisions. These measures are shown in Table 5. The scale of measure-
ment for ful�llment of platform requirement decisions is shown in Table 6.
As shown, case #3 and #4 have only three measures as software integration
was not part of the integration and is not applicable. The average is thus
calculated based on the three measures. Using the average value of the four
measures could be misleading. If the major part of the integration was to
integrate software, it seems logical that the third and fourth measures are

Table 3: Legend for measurements
5 Very good Fully decided and no unexpected

constraints revealed
4 Good Largely decided and minor

constraints were revealed
3 Ok Few unexpected constraints

were revealed
2 Poor Unexpected constraints

were revealed
1 Very poor Unexpected constraint of major

importance were revealed
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Table 4: Platform requirements decisions

Overall estimate
by involved

System mode
interaction

Dependencies
to standards,
technology,
and tools

Overall ful�l-
ment R2

#1 Good Good Ok 3.7
#2 Very good Good Good 4.3
#3 Poor Poor Poor 2.0
#4 Ok Good Poor 3.0
#5 Very good Good Good 4.3

Table 5: Integration solution
Environmental Physical Software Resource Overall
requirements connection platform consumption R3

#1 Very good Very good Good Good 4.5
#2 Very good Very good Good Good 4.5
#3 Poor Poor N/A Very poor 1.7
#4 Ok Very good N/A Ok 3.7
#5 Very good Very good Very good Good 4.75

more important since they relate to the software integration strategy while
the �rst and second measures are related to physical integration. However,

Table 6: Legend for measurements
5 Very good Fully decided and no unexpected

constraints revealed
4 Good Largely decided and minor

constraints were revealed
3 Ok Few unexpected constraints

were revealed
2 Poor Unexpected constraints

were revealed
1 Very poor Unexpected constraint of major

importance were revealed
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as we can see in Table 5, all the projects show some elements of software inte-
gration decisions. Only when an ECU with very little changes is integrated,
do the software platform decisions become fully the issue of the supplier, like
case #3 and case #4. We use the average as calculated in the table, but
remember that these represent two di�erent sets of decisions.

R4 - Involvement and Responsibilities The fourth recommendation
stipulates that all stakeholders should be involved and that their responsi-
bilities should be decided. We have elaborated and collected data as to show
to what degree this was done prior to running the projects. In Table 7, we
show the degree of decisions combined with the degree of changes during the
project. The de�nition of the scale is shown in Table 8, and the range is

Table 7: Early stakeholder involvement
Early involvement Electronics Responsibilities Overall
of stakeholders involved early assigned ful�llment R4

#1 Good Ok Good 3.7
#2 Very good Good Poor 3.7
#3 Poor Poor Poor 2.0
#4 Good Ok Good 3.7
#5 Good Very good Good 4.3

selected to include the data span from the study. The �rst measure of early
stakeholder involvement represent how many stakeholders were involved early
in relation to how many were involved in the end. The electronics people are
one stakeholder, and thus this measure is part of the �rst measure. The
respondents stated that late involvement of the electronics department is a
problem and it seems logical to assume that this is an important stakeholder.

Table 8: Measurement legend for Early stakeholder involvement
5 Very good Fully decided who
4 Good Mostly decided who
3 Ok Some decisions on who
2 Poor Few decisions of who
1 Very poor No decisions
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Thus we combine the measurements for involvement and responsibility and
use the average as an indication on ful�llment.

5.3 Project Success
In order to measure the success of each project, we have collected data on
how the project was planned at the time of choosing the component. We
use three measures and compare the initial plan with the actual outcome.
We look at the projected time of completion, the projected product cost for
the component, and the projected development cost. The comparison with
the outcome is rated according to the legend shown in Table 9, and put into
Table 10.

The de�nitions of the di�erent levels of the Likert scale are shown in
Table 10. The measurements in this case, represent the degree to which a
plan was met. However, the interviews yielded explicit praise in two cases in
terms of the project cost and we include the slightly better than plan measure
accordingly.

The compilation of measures shows case #3 that stands out, where the
overall result is especially poor. The others are in the range of Ok to Good.
Case #2 shows the best measure of success. All �ve projects have no eye
catching distribution in the di�erent measures; all three measures seem to
be coherent. The exception is case #5 where product cost is rated two levels
higher than the other success measures. It is reasonable to believe the time
plan and the development cost are highly interdependent, and that is also
the case according to the data. The plan for product cost is also interrelated
to the quantities of time plan and development cost, although it seems to
a lesser extent. We draw the conclusion that the overall measure of project
success can be used for analysis.

Table 9: Legend for Project Success measures
5 Very good Plan met and involved

personnel praise the outcome
4 Good Plan met
3 Ok Deviations less than 10%
2 Poor Deviations less than 50%
1 Very poor Deviations more than 50%
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Table 10: Project Success
Time plan Product cost Development cost Total measure of

success
#1 Good Good Good 4.0
#2 Good Very good Good 4.3
#3 Very poor Poor Very poor 1.3
#4 Ok Ok Ok 3.0
#5 Ok Very good Ok 3.7

6 Success Factors Analyzed
Previously we have shown the checklist for decisions followed by data on
project success and the degree to which recommendations were followed in
each of the �ve projects. In this section we analyze the correlation between
checklist ful�llment and project success. Also we analyze the possible impact
of other parameters that has been reported in the study.

6.1 Factors that Cause Success
For each recommendation, ful�llment was measured by a rating on the Likert
scale, and each corresponds to a number one through �ve. The overall ful�ll-
ment indicator of each recommendation was then calculated as the average
of the di�erent measures. The same overall indicator was calculated for the
project success measures. In Table 11, the overall ful�llment indicators for
all four recommendations are listed together with the project success indica-
tor. The total ful�llment of recommendations is calculated as the average of

Table 11: Project Success
Overall Overall Overall Overall Total Total measure
R1 R2 R3 R4 average of success

#1 4.0 3.7 4.5 3.7 4.0 4.0
#2 4.2 4.3 4.5 3.7 4.2 4.3
#3 2.2 2.0 1.7 2.0 2.0 1.3
#4 3.2 3.0 3.7 3.7 3.4 3.0
#5 3.2 4.3 4.7 4.3 4.2 3.7
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the four overall ful�llments. We see that there is a correlation between ful-
�llment of the recommendations and the achieved project success. Although
the numbers are just indicative, the trend can clearly be seen that the recom-
mendations do a�ect project outcome. Case #1 and #2 show high ratings on
project success and also show high ratings on the ful�llment measures. Case
#3 shows a poor ful�llment and the project success gets the lowest measure
of project success. Case #4 shows a more moderate rating on ful�llment
and a similar rating on project success. The last case, case #5, show a high
ful�llment rate, but not a correspondingly high rating on project success.
If we look at case #5, we see a project with high degree of ful�llment in
all measures but R1, the functionality recommendation. So high that the
average ful�llment is 4.2 in column �ve and still the total success is only
3.7. One explanation is that the decisions regarding functionality are more
critical than others. Case #4 supports this explanation to a small extent.
More precisely, if we look at the ful�llment of R1 in case #5, Table 11, we
see that the operational functionality was decided poorly. We conclude that
functionality and especially operational functionality could be critical to the
overall project success. Intuitively this makes sense as a project with few
functional decisions resembles an investigation more than a regular develop-
ment project. Case #3 show the poorest success and also the poorest ful�ll-
ment of recommendations. Moreover it shows the largest di�erence between
projected outcome according to column 5 of Table 11. However, analyzing
the signi�cance of this is di�cult since this project is alone in that range
of measurements. The correlation between projected outcome and actual
project success is not necessarily expected to yield the exact same numbers,
just as a trend. What this project does show us, is however, that the project
success is indeed correlated to the ful�llment of our recommendations. In
summary, based on these results, we conclude that the ful�llment of the four
recommendations as stated is a prerequisite to achieve project success in an
automotive integration project. Possibly, the early decisions on functionality
are especially important to the project outcome.

6.2 Recommendations revisited
The data from the in-depth interviews attracted attention in two details. In
the cases #1 and #4, the respondents state that a certain decision was made
early. As we inspected documentation and outcome, it became clear that
in case #4 the decision was in fact not taken and in case #1 it was seem-
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ingly a wrong decision. In case #4 all involved worked under the assumption
that a physical property of the component was decided and speci�ed, but
the component did not in fact exhibit this property. This fact was discov-
ered late and as a consequence late changes were required. In case #1 there
was basically a good level of speci�cations early, but one decision was made
seemingly under the wrong assumptions. All the decisions in our recom-
mendation 3 were basically ful�lled, but also decided was that a software
component was to be delivered as a binary compiled by the supplier to pro-
tect intellectual properties. This decision was made although the component
was originally developed for another compiler. During the project there were
three cases of bugs that could not have been solved if the supplier had kept
the code hidden. Thus, in this case the problems were solved and accord-
ingly this project does not su�er in project success. Since decisions have to
be communicated and there is always a risk of misunderstandings and er-
roneous decisions, integration projects should involve re-assessments. Both
these problems could possibly be avoided by matching the delivered com-
ponent to the speci�cations early. Thus, we conclude that it is not always
enough to make the decisions, but they must also be reviewed for misunder-
standings and correctness. The studied cases would have bene�ted from a
recommendation "Review decisions on integration and check that delivered
components match decisions". Physical properties can be reviewed as soon
as there is a component available, sometimes even at the time of choosing
component.

6.3 Characteristics of High Risk Projects
The recommendations R1-R4 do assist in achieving project success, and thus
a low ful�llment of our checklist will increase the risk of project delay and
added costs. But were there other parameters in the context of the projects
that a�ected the outcome? The study reveals some contextual parameters
that could a�ect the level of risk. In order to analyze the impact of each
factor, we present Table 12. It seems reasonable to check if especially di�-
cult technical integrations have yielded low success projects. Therefore, we
present data on the level of technical impact on the electronic platform, the
level of safety related functionality, and the degree of impact on product be-
havior. These measures are listed in column one through three respectively
in table 12. The degree of experience with the supplier has been reported
an in�uential factor in integration [16] and thus we include this in the table.
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Table 12: Project characteristics
Integration
impact
on the
elec-
tronic
plat-
form

Safety
critical-
ity

Impact
on
overall
product
behav-
ior

Degree
of expe-
rience
with the
supplier

Strategy,
degree
of soft-
ware
focus

Total
ful�ll-
ment
average

Total
mea-
sure of
success

#1 Medium Medium High Medium High 4.0 4.0
#2 Low None Low High Medium 4.2 4.3
#3 High High High Low Low 2.0 1.3
#4 Medium Medium High Low Low 3.4 3.0
#5 High High High High Medium 4.2 3.7

Also, interesting to inspect is the impact of the integration strategy; whether
it is software integration or if the integration includes hardware and ECUs.
Case #1 that largely consists of a software component gets a high rating.

There seems to be no conclusive indication that the decisions on hard-
ware/software strategy cause di�erences in projected and actual outcome.
Case #3 and #4 involves pure hardware integration strategies and they do
show a small di�erence between projected and actual outcome. The low de-
gree of supplier experience in cases #3 and #4 coincides with the strategy
decisions and this factor could also explain the increased di�culty which in
turn would impact outcome negatively. The importance of previous supplier
experience was not particularly stressed during the interviews, but the cor-
relation seem to exist. Case #5 and #3 stands out as they both show high
ratings on the three �rst measures. All these measures supposedly give a
more di�cult integration and that seems a likely explanation for the di�er-
ence between projected and actual outcome. At the same time case #5 and
#2 show a high degree of experience with the supplier, a factor which would
supposedly aid in achieving success. Case #2 show a low level of di�culties
in the three �rst measures and at the same time a high level of experience
with the supplier and that could explain that the actual outcome is actually
higher than projected by the total ful�llment measure. The data in table
12, and our reasoning leads us to conclude that high risk projects are char-
acterized by severe requirements on technically tight integration, safety, and
a close relation to product behavior. The data is in line with this proposi-
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tion and reasoning seems to suggest impact by constraining the integration.
We also conclude that a low degree of experience with the supplier is a risk
to project success. The data does not contradict this previously reported
fact. Furthermore we conclude that the choice of strategy in integration does
not have signi�cant impact on the success. Hardware or software centered
integration can be chosen on other premises.

6.4 Applicability of the Recommendations
We have presented a ready to use checklist outlining what decisions are im-
portant to make in order to reduce risk of project failure. Will we succeed if
we follow the guideline in a given integration project? The study did likely
not provide a complete picture of the factors that a�ect project success or
failure. It is resonable to believe that issues of resources, competence, orga-
nization and more do also a�ect outcome. However, these issues were not
reported as the main problems by the practitioners that were interviewed.
Instead, they reported issues of functionality, platform, integration design,
and responsibility. Therefor, we conclude that the recommendations are valid
to tackle the stated problems in any context, but there still may be other
factors that cause a project to fail. For the studied cases, other factors were
of lower importance or at least not reported to be problematic. Thus, the
recommendation should be applicable in any automotive integration project
to reduce risks, but does not surely yield a successful project

7 Discussion
7.1 Implications to OEMs
An interesting implication from the integration recommendation, R3, is that
the success of using a certain mechatronic component is not only dependent
on the quality of the component, but also on the integration solution. Thus,
it is wrong to assume a component such as an engine is the best choice
based on success in another system without assessing integration with the
intended system. Even if the component work �awlessly, and exhibits a se-
ries of valuable operational properties, an integration project could prove
overly expensive, or worse, prove that the valuable properties are not achiev-
able in the targeted platform. Another implication from the study is that
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mechatronic components should not be chosen solely by a domain related
department such as a brake, or hydraulics department. The reason is that
mechatronic components are per de�nition multi-domain components. To
put the implication bluntly "An XYZ component should not be chosen by
an X department" or the solution will be sub-optimal. For instance the en-
gine department should not alone choose an engine even if they do have the
best skills in engine operation and performance. Instead, a systems engineer-
ing principle of involving all stakeholders of the component lifecycle should
be exercised. As the degree of electronics in modern mechatronic components
is signi�cant and contributes to all phases of the component life cycle, it is
especially important to involve OEM electronics people to decide on compo-
nent selection. Recommendation R3 implies that one should examine both
the software and the hardware branch in order to choose what integration
strategy is to be pursued. The cost and feasibility of each strategy should
be compared and the choice made accordingly. If the strategy is set early
by some reason, then we will not know which strategy was the cheapest and
most feasible. Hence, we might end up with an overly expensive and di�cult
choice. It could be noted that an early decision on strategy before choosing
component is non-optimal, since it is fully possible that it negatively a�ect
project success. It would thus be wrong to choose a mechatronic component
with included ECUs without considering the possibility of integrating the
software on an OEM platform ECU. Also it would be wrong to assume that
a supplier who does not know the platform constraints or the system goals,
to recommend a solution. Most problems reported in the study indicate dif-
�culties in achieving functionality, or quality for the whole electronic system
such as constructing a maintainable, or fault tolerant system. These targets
are achieved by choices in system strategy, e.g., diagnostic or software up-
grade concept. Those concepts are not part of a supplier component. Thus,
we conclude that problems in mechatronic integration do not stem from poor
quality components or suppliers, but from the OEM.

7.2 Future studies
Our recommendations are validated by an in-depth, case-rich study, but some
questions cannot be answered in a single company. In order to fully study the
impact of the platform architectural decisions and answer questions like "How
to design a platform for ultimate integration capabilities?", more compa-
nies could be studied. The same reasoning holds for organizational matters.
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Making integration design is essentially the same as making architectural
design, but with all the decisions previously made for the platform. Thus,
the integration design is severely more constrained that a general architec-
tural design. There are methods for architectural evaluation, where decisions
are evaluated with respect to the targeted qualities, e.g., The Architectural
Tradeo� Analysis Method (ATAM) [13]. In order to produce a design guide-
line for integration design, such methods could prove useful. The concept
of making the right decisions is central to all design. There are methods to
support in decision making, e.g., the Analytical Hierarchy Process (AHP)
[21]. Such a method involves weighting of selection criteria and could also
prove useful to support a future method for integration design.

8 Conclusion
We have presented an industrial multiple case study of integration of auto-
motive mechatronic components. Based on the studies we have presented
key factors for achieving project success in similar integration projects. We
present six recommendations, the �rst four including detailed checklists for
decision making. The recommendations are described by a brief summary of
the checkpoints included under that topic.

1. All the functionality of the component should be decided prior to de-
signing the integration solution; this includes diagnosis, production,
and service functions.

2. Know the design constraints imposed by the platform prior to design-
ing integration solution, e.g., global systems modes, communication
protocols, and all constraining paradigms.

3. The integration solutions should be investigated and a strategy cho-
sen prior to choosing component; this should include investigation of
environmental requirements, and resource consumption.

4. All stakeholders should be involved and the responsibilities should be
assigned for the activities of the subsystem lifecycle.

5. Review decisions on integration and check that delivered components
match decisions as soon as possible, to detect misconceptions early.
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6. Be aware that integration projects characterized by a technically tight
integration, safety criticality, close relation to core vehicle behavior, or
inexperienced suppliers are high-risk projects.

We show that early estimates of integration solutions are intrinsically
di�cult with less than designing every detail, but the checklist include key
decisions that have been shown to counteract problems in real cases. The
study shows that decisions can be erroneous or misunderstood, and we add
the �fth recommendation to counteract misconceptions. We show analyti-
cally how our �fth recommendation would have solved misconception prob-
lems that did occur in the studied cases. Finally, recommendation six brings
attention to what characterizes a high-risk integration project. We provide
a set of observable project properties that can be used to identify high risk
projects. The main contribution of this study is the recommendations each
including a detailed set of checkpoints that pinpoint critical decision making
and thus enables success in integration projects. In summary we conclude
that successful integration of mechatronic components in automotive prod-
ucts relies heavily on decision making in electronic system strategies, and
this study provides a detailed set of validated recommendations that assist
in achieving just that.
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Abstract

In this paper we present a new method for making decisions on in-
tegration strategy for in-vehicle automotive systems. We describe the
problem of choosing integration strategy and we describe the method,
which is a combination of the Architecture Tradeoff Analysis Method,
ATAM, and the Analytical Hierarchy Process, AHP. We exemplify the
use of the proposed method by evaluating the integration decisions
concerning the physical connection of a realistic example system; a
computer controlled automatic gearbox. We present analysis on the
use of the method and conclude that the method has several bene-
fits compared to ATAM or AHP used individually. The method firstly
supports a structured way of listing system goals, and secondly, it also
supports the making of design decisions.



1 Introduction

Design of automotive in-vehicle electronic systems is a challenge for Original
Equipment Manufacturers, OEMs, due to a large set of functional requirements
and stringent quality goals. The system is required to deliver its many functions
in a dependable and safe manner, and product costs are to be kept low. The system
must fulfil business and life-cycle goals such as being simple to maintain, service,
and produce. The resulting system architecture is often complex and system archi-
tecture design is a process with many stakeholders. One way of reasoning around
architectural choices is to estimate quality attributes of the envisioned system and
then try to quantify the impact of different choices.

1.1 Integration in automotive products

Design of automotive in-vehicle electronic systems includes joining together or
integrating functionality developed by several organizations. These sub-systems
can be purchased off-the-shelf from a supplier or developed specifically for its pur-
pose by the OEM or the supplier, or a combination of the two. Functionality for
sub-systems can be pure software like algorithms or it can be offered with hard-
ware including computer nodes, sensors, actuators, connectors, etc. Integrating
an electronic subsystem is the effort of making it conform to the decided archi-
tecture. Thus the integration is concerned with finding a design solution so that
the component comply with, e.g. diagnostic strategy, system state management
and fault handling. More precisely, integration could mean developing glue code
or gateway functionality or it could mean to specify to a component supplier the
system functionality to which the component must conform.

1.2 Problem description

OEMs often develop architectural guidelines based on the desired qualities and
integration solutions should conform to these guidelines. Still integration is diffi-
cult. Either guidelines are too rigorous and need to be bent, or guidelines are too
vague and fail to aid in design. Integration design, like architecture design, aims
at finding a solution that meet many requirements from many stakeholders. This
means that the system should not only be designed to provide its main function,
but also to meet other requirements. For example, it is desired by the safety team
that the system is feasible enough to analyze, and the service people wish for diag-
nostic functionality to cover all possible faults. Thus, the problem in integration is



partly to know the various requirements and their importance, and partly to know
what design is best suited.

1.3 Our proposed method

Our goal is to make the impact of integration decisions visible in terms of the
desired properties of the system. Further we want to evaluate different integration
strategies to find the one that best support the desired qualities of the product in its
life cycle. In order to evaluate success of different integration strategies we need
some criteria on how to decide what is favorable.

The approach of this work is to use scenarios from the Architecture Trade-
off Analysis Method, ATAM [5], and analyze them with the Analytical Hierarchy
Process ,AHP [10], to evaluate different integration strategies in the context of an
automotive electronic system. Major research exists on both ATAM and AHP and
both methods are quite commonly used [2, 3, 9].

The contribution of this work is the proposed method that combines ATAM
and AHP, enabling structured reasoning and decision making. Although both
methods are commonly used, still, there is to our knowledge no suggestion on
how the two methods may be combined even if the possibility is mentioned by
[11]. The method is applied to and intended for the context of automotive soft-
ware and electronic systems, and more specifically we apply it to the decision
making in choosing integration strategies. Although this paper focus on a limited
number of integration strategies we believe that it can be used for all kind of inte-
gration strategies as well as other architectural decisions.

To demonstrate our approach we use an example concerning integration of a
gearbox for construction equipment vehicles such as haulers, wheel loaders, and
excavators. The example is simplified but has realistic specifications.

The rest of the paper is organized as follows. Section 2 introduces vehicle
electronic systems. The properties of a vehicle electronic system is outlined in
Section 2.1 and the four different integration strategies are presented in Section
2.2. We introduce a gearbox example in Section 2.3. Section 3 describes the pro-
posed method. In Section 4 we provide a theoretical but realistic example of how
the method will work. In Section 5 we analyze the method. Section 6 concludes
the paper.



2 Vehicle electronic systems

In this section we present the context of automotive in-vehicle electronic systems.
Further, we describe the notion of integration strategies and we provide a theoretic
example of an automotive electronic system intended for integration based on
previous studies.

2.1 General properties

Automotive electronic systems are safety critical, real time systems embedded in
mechatronic components. The functions in an automotive vehicle include control
of the engine and drive train, driver interface, suspension, comfort functions such
as climate control, and audio/video systems. Besides the user functionality of the
vehicle, there are numerous functions inside a vehicle that supports the production
and service operations in the lifecycle of the product such as diagnostics and test.
Sometimes the system and functionality is described as partitioned into subdo-
mains, such as, powertrain, body, chassis, and infotainment. The implementation
of the functionality in contemporary vehicles includes distributed computers with
I/O to sensors and actuators. Wiring is substantial and bundled in cable harnesses.
Control software is often constructed using a dataflow model and communication
is often based on the CAN protocol.

In-vehicle computer systems are often labeled electronic systems in automo-
tive applications. Automotive electronics thus includes electronic hardware such
as sensors, actuators, Electronic Control Units (ECUs), and wiring, but also the
software. The reason for using this term may be the close dependency of software
and hardware in many automotive applications. For instance, a braking applica-
tion is very tightly bound to the hardware for which it is tested and developed.
A change of sensors or other hardware components in such an application would
likely generate a change of software functionality. In the following we use the
term electronic system to refer to the complete in-vehicle computer system in-
cluding both software and hardware.

2.2 Integration strategies

Integration of new functionality is an iterative process. New functionality is added
to an existing platform during many years. The same platform is also used for
many different models and even different products.

Decisions on integration strategy will affect the quality outcome and lifecycle



cost of not only the electronic system, but the complete vehicle. Integrating sup-
plier electronics in automotive networks is challenging because several qualities
are pursued simultaneously, much like in architecture design.

An integration strategy provides answers to questions on how a component
will be made to fit into system wide schemes and principles. It is the design of
interfaces and semantics of interaction between component and system. There
may be several schemes to follow such as diagnostic signaling, fault handling,
and state management. The component and its function can give rise to ways of
interacting that are not covered by the decided system principles and schemes. An
example is a mechatronic brake with many fault states that each affect the system
state differently. Such issues are included in the integration strategy.

Network topology decisions is part of the integration strategy. To describe the
method of evaluating integration strategies we focus on how a function is to in-
terface the system. The four alternatives we consider in this paper are shown in
Figure 1 and are explained in the list below.

  

Communication bus 

 

OEM ECU1 

 

I1 

 

I2 

 

                      I4 

 

I3 

Figure 1:Four choices in integration strategy

I1. New ECU connected directly on a system bus.

I2. New ECU connected via a gateway.

I3. Application software component located in existing ECU.

I4. New ECU stand alone - not connected to a bus.

2.3 Example: Gearbox

Thus, new ECUs contains both a new software functionality and a software en-
vironment including operating system, device drivers, and possibly more. Inte-
gration strategy I3 on the other hand involves only the software function without
surrounding infrastructure. Based on a previous study of three cases of real-life
mechatronic integration [4], we have developed a theoretical but realistic example



of a component intended for integration in an automotive application. The exam-
ple consists of a mechanical gearbox with a fitted ECU that controls the operation
of the automatic gear shifting intended for use in a construction equipment vehi-
cle.
The ECU is equipped with the following interfaces:

• A CAN interface

• J1939 [1]

• A serial interface with a proprietary protocol for diagnostics

The gearbox application is dependent on signals that describe the gear lever posi-
tion, engine speed, vehicle speed, and drive mode. The application must be able
to control engine speed for short periods of time during gearshifting. There are
timing requirements on the control messages; latency, periodicity, and jitter are
specified. The application also has a number of error states where gearshifting is
not possible.

3 The method explained

ATAM is a method for identifying important design decisions and show how they
tradeoff against each other in software architectures. AHP is a multi criteria analy-
sis method. By combining the two methods we can use scenarios produced by
ATAM as input to AHP and carry out a robust evaluation of both scenarios and
how well an integration strategy fits a certain scenario. In this section, we briefly
summarize the original methods and theen comment on how we combine them for
decision support in an automotive Electrical/Electronic architecture.

3.1 ATAM

The goal of ATAM is to assess the consequences of architectural decisions in the
light of quality attribute requirements [5]. Typically there exist competing quality
attributes such as modifiability, security, reliability and maintainability that differ-
ent stakeholders consider to be the most important. These quality attributes are
broken down into scenarios. ATAM is divided into nine steps. These steps involve
eliciting a utility tree and identifying risks, sensitivity and tradeoff points.

In our approach we only consider some of the steps in ATAM and it is mostly
how the scenarios in the utility tree are generated that is of relevance in the pro-
posed method. The complete description on ATAM can be found in [5].



3.2 AHP

The Analytic Hierarchy Process (AHP) is a multi-criteria decision making ap-
proach in which factors are arranged in a hierarchic structure [10]. In AHP all
element are compared against each other which yield a robust result but also
time consuming due to the large number of comparisons. Elements are com-
pared according to Table 1. In this paper we use an AHP related approach called

Table 1: Element comparison
Scale Importance

1 Equal importance
3 Moderate importance of one over another
5 Essential or strong importance
7 Very strong importance
9 Extreme importance

2,4,6 Intermediate values

Chainwise Paired Comparison (CPC) [8]. CPC only requires the same amount
of comparisons as the number of elements. However the consistency needs to be
validated to ensure the same result as with AHP. The CPC algorithm is shown in
Table 2 which is adapted from Table 1 in [8].

We are interested in forn elements finding the weightWi. Since it is difficult
to estimate this weight directly, we instead ask the decision maker for the ratioRi

between two successive elements as shown in Equation 1.

Ri =





Wi

Wi+1

: i = 1..n− 1

Wn

W1

: i = n

(1)

Di represents the estimated value of the ratioRi. If the estimate is perfect then
Equation 2 is true, meaning that the estimates are consistent.

n∏
j=1

Dj = 1 (2)

Full consistency can be hard to achieve in practice with many factors to chainwise
compare. To compensate for this inconsistency we compute a new estimated ratio,



Table 2:Algorithms used in chainwise paired comparison

i Ri Di R̃i Mi Vi

1 W1

W2
D1

D1
n
√Q

Dj

R̃1 ·M2
M1P
Mj

2 W2

W3
D2

D2
n
√Q

Dj

R̃2 ·M3
M2P
Mj

: : : : : :

n-1 Wn−1

Wn
Dn−1

Dn−1

n
√Q

Dj

R̃n−1 ·Mn
Mn−1P

Mj

n Wn

W1
Dn

Dn
n
√Q

Dj

1 MnP
Mj

R̃i, with Equation 3.R̃i is by definition a consistent estimation, fulfilling Equation
2.

R̃i =
Di

n

√
n∏

j=1

Dj

(3)

Assume thatMi representWi/Wn and sinceR̃i is an estimate ofRi, Mi can now
be computed recursively with equation 4.

{
Mi = R̃i ·Mi+1

Mn = 1
(4)

We now have a weighted list of elements. To make values comparable to each
other we normalize the weights with Equation 5.

Vi =
Mi

n∑
j=1

Mj

(5)

3.3 The proposed method

We have devised a method, based on a combination of ATAM and AHP, that allow
us to find the best choice out of a number of possible designs. The basic steps in



the method are shown below, and later exemplified with more details in the next
section.

1. Elicit scenarios from system stakeholders

2. Rate importance of scenarios

3. Assess scenario fulfilment of each design choice

Elicit scenarios from system stakeholders.Using some of the basic steps
of ATAM, a list of scenarios is extracted. Each scenario represents an important
aspect of the system that is desired in order to achieve a "good" system. What
constitutes a good system depends on who you ask, and therefore, the ATAM stip-
ulates to involve many stakeholders that has interests in the systems life cycle as
well as experienced system architects. The scenarios that come from this elici-
tation can be grouped in a tree structure called a utility tree, and in this way the
scenarios can be shown to belong to a certain quality attribute such as reliability.
This work involves interviews and workshops and can be substantial. However,
the resulting set of scenarios is a general characterization of the system require-
ments in terms of qualities. Thus, it is not only usable for a particular decision.
As the life cycle of an automotive product is different for different companies, it
seems unrealistic to elicit a general utility tree even for a certain kind of vehicle.
The generality of the scenarios is likely confined to the company and possibly to
the type of vehicle, e.g., a minivan or sports car. The ATAM stipulates a procedure
for prioritizing scenarios and this can be used to shorten the possibly long list of
scenarios.

Rate importance of scenarios.A more formal prioritization and weighting
of scenarios can be made by employing the AHP procedure. Comparing each
scenario to all others to get a weighting is possible and the most accurate method
for AHP prioritization. Since the number of comparisons required with AHP are
n(n − 1)/2 we get, even with a small set of scenarios an extensive list of com-
parisons. We instead propose to use chainwise paired comparison as shown in
[8], to reduce the number of comparisons ton. Chainwise comparison is made by
comparing the first scenario with the following in the list. This is continued for
all scenarios and finally the last scenario is compared to the first to get a "chain".
Each comparison is made using the AHP method scores that are shown in Table
1. This procedure yields a weight for each scenario that corresponds to the impor-
tance of that scenario.

Assess scenario fulfilment of each design choice.Here, we have to have a
number of defined design choices. For each design choice, a fulfilment is esti-
mated of each scenario i.e. it should be estimated how well each design choice



meets each scenario. For instance a simple design may score high on a scenario re-
questing ease of safety analysis. More in detail, each design decision is compared
to another in chainwise manner until all have been visited and the last compared
to the first. What this gives us, after AHP prescribed calculations, is a weight for
each design decision. The weight corresponds to how well that design meets the
selected scenario. So, for a set of four defined design alternatives and 16 scenar-
ios, we get a sum of4 ∗ 16 weights. The final step in finding the best solution
is then calculated by using the weight (importance) of each scenario. Now, we
know the "goodness" of the design choice with respect to each scenario, and we
also know the importance of each scenario. We add up the product of scenario
weight and design choice weight for all scenarios. This number corresponds to
how much fulfilment of all the scenarios that this particular design decision has,
and thus we have comparable numbers for the set of design decisions. This final
step is not general, but the estimations of fulfilment must be made for a certain
automotive product, for a certain component to be integrated.

4 Using the method

In this section we explain how the method can be used. The gearbox from the
example in Section 2.3 is to be integrated with one of the four different integration
strategies explained in Section 2.2.

The ATAM proposes that this elicitation is done in two workshops including
all key personnel. For practical reasons, we have deviated from the stipulated
workshop format and elicited a utility tree based on four interview sessions with
only two experts individually. First we use interview results from previous work
on quality attributes in automotive electronics and software systems [6][7]. We
use these results to construct an initial utility tree which is then used to guide
another round of interviews. This round yields a set of scenarios that we use in
our following theoretical example.

4.1 Scenarios

ATAM states that "A scenario is a short statement describing an interaction of one
of the stakeholders with the system". Here we list the scenarios that we elicited
from the interviews with architects and product specialists. The respondents de-
scribed the business situation related to each quality attribute. This list is not at
all a complete list of scenarios that should be considered but for explaining the



method we find it sufficient. In order to extract a complete list, we would like
to include all stakeholders and also fully utilize the workshop format proposed in
ATAM.

Below is the list of scenarios that where elicited from the interviews catego-
rized under their main utility.

Safety

S1. A safety related function experiences a fault and this does not lead to an
unsafe state of the system

S2. The system experiences a fault and each safety related function can reduce
functionality according to a system wide policy

S3. Each safety related function does not add any non recoverable unsafe states
(e.g. loss of steering is difficult to recover safely from)

S4. Safety analysis is performed and the logics of each safety related function is
visible for inspection

Reliability

S5. Overall reliability benefits from certified or tested physical criteria - EMC,
moist, dust, vibration and shock

S6. A fault occurs and fault tolerant design upholds system function

S7. Minimum number of connectors wanted

S8. Testable design wanted

S9. Simpleness preferred

S10. Fault diagnosis desired

Modifiability

S11. A function is to be reused in a new vehicle project and the system function-
ality partitioning is different

S12. A function is to be reused in a new vehicle project and different networks
and protocols are to be used

S13. Porting SW platform to new hardware

Serviceability

S14. A function is faulty and the on-board diagnostic system finds the root case
of the problem (e.g. eroded connector or faulty sensor)

S15. Physical components are easily replaced

S16. Software functionality is easily replaced



Table 3:Scenarios prioritized with chainwise paired comparison
i Ri Di Ii R̃i Mi Vi

1 S1/S2 2 2,915 2,048 3,907 0,090
2 S2/S3

1
5

0,292 0,205 1,908 0,044
3 S3/S4 1 1,458 1,024 9,318 0,213
4 S4/S5 7 10,204 7,167 9,101 0,208
5 S5/S6

2
5

0,583 0,410 1,270 0,029
6 S6/S7 7 10,204 7,167 3,101 0,071
7 S7/S8

1
3

0,486 0,341 0,433 0,010
8 S8/S9

1
3

0,486 0,341 1,268 0,029
9 S9/S10 1 1,458 1,024 3,715 0,085
10 S10/S11 2 2,915 2,048 3,628 0,083
11 S11/S12 3 4,373 3,072 1,772 0,041
12 S12/S13 1 1,458 1,024 0,577 0,013
13 S13/S14

2
7

0,437 0,307 0,563 0,013
14 S14/S15 7 10,204 7,167 1,834 0,042
15 S15/S16

1
4

0,364 0,256 0,256 0,006
16 S16/S1

1
4

0,125 0,239 1,000 0,023

4.2 Prioritizing the scenarios with chainwise paired compari-
son

Here the 16 scenarios are prioritized with CPC. In this example we assume that
the 16 scenarios elicited from the interviews are the most important ones. Asking
the full set of stakeholders the number of scenarios could have been significantly
larger. The lowest prioritized scenarios would then be discarded as not important
enough to affect the choice of integration strategy. In Table 3 the scenarios are
chainwised compared. It is only the valueDi that is manually estimated according
to Table 1 in Section 3.2. All other values are calculated with the equations in
Table 2. Vi is the calculated priority. In this theoretical gearbox exampleS3

is considered to be the most important scenario and will therefore have higher
impact when integration strategy is chosen.

As explained in Section 3.2 we need to check if the system is consistent. In
this example the consistency is calculated to 98%. Table 3 in [8] shows that for
16 elements the consistency needs to be at least 95.7% for the data to be valid.



Table 4:Scenario S8
i Ri Di Ii R̃i Mi Vi

1 I1/I2 2 2,400 2,093 2,866 0,274
2 I2/I3

1
4

0,300 0,262 1,369 0,131
3 I3/I4 5 6,000 5,233 5,233 0,500
4 I4/I1

1
3

0,400 0,349 1,000 0,096

4.3 Weighting scenarios against an integration strategy

Each scenario is now weighted against the four different integration strategies.
After this comparison we have a prioritized list of all scenarios and also one list
per scenario showing how well each integration strategy meets the particular sce-
nario. Displayed in Table 4 is how well scenarioS8 correspond to each of the
four integration strategies. The final analysis is done by using the weightVi of
each scenario and multiply it with the weight of how well it is supported by each
integration strategy. This is shown in Table 5. The integration that seems to be
most suitable in the gearbox example is integration strategyI3.

5 Analysis

The goal of this work is to find a feasible method that can be used in practical
cases of decision making in the context of integration of automotive electronics.

5.1 The method compared to AHP and ATAM

The method does provide a structured way of using expert knowledge to make
decisions in design of automotive electronics and possibly many other areas. Like
ATAM recognizes, the difficulties in making decisions stems from the complexity
where many stakeholders have different goals. What ATAM lacks is the actual
support for decision making. ATAM is instead intended to identify sensitive de-
sign points in the system, but choosing a design alternative must be done by other
means. AHP on the other hand is a method for decision making with multiple
criteria, but lacks a structured way of listing the criteria. Thus, using the con-
cept of scenarios and utility trees from ATAM as input to an AHP process gives
us a method that includes both benefits. Compared to using ATAM alone, the
combined method supports decision making and should still have the benefits that



Table 5:Decision matrix
I1 I2 I3 I4

S1 0,090 0,077 0,154 0,077 0,692
S2 0,044 0,321 0,321 0,321 0,036
S3 0,213 0,370 0,185 0,370 0,074
S4 0,208 0,067 0,081 0,686 0,166
S5 0,029 0,125 0,125 0,625 0,125
S6 0,071 0,286 0,143 0,429 0,143
S7 0,010 0,227 0,160 0,453 0,160
S8 0,029 0,274 0,131 0,500 0,096
S9 0,085 0,273 0,154 0,086 0,486
S10 0,083 0,364 0,182 0,364 0,091
S11 0,041 0,125 0,125 0,625 0,125
S12 0,013 0,127 0,301 0,537 0,035
S13 0,013 0,113 0,126 0,556 0,205
S14 0,042 0,286 0,143 0,286 0,286
S15 0,006 0,222 0,222 0,111 0,444
S16 0,023 0,174 0,162 0,602 0,062

Final priority 0,227 0,153 0,414 0,205



has been reported with ATAM. One such important benefit is that stakeholders
get to reason about qualities and their fulfilment. Thus, compared to using AHP
alone, we will get both a structure for the criteria and likely also the benefit of
stakeholder involvement and communication.

5.2 Methods pros and cons

One of the main problems with multi criteria decisions is to find out the relative
importance of each goal. To investigate this, a number of estimates must be made
by experts. It is much desired to keep the number of estimations low to get a fea-
sible method. The AHP method prescribes comparing and estimating the relative
importance of each criteria against all other, and thus having a matrix of estima-
tions to perform withn(n − 1)/2 estimations. For weighting the importance of
the scenarios, we chose to perform chainwise paired comparison that reduces the
number of comparisons ton. It should be noted though that the weighting of
scenarios is something that can be reused for other decisions. A large effort in
weighting scenarios could be accepted if there are many decisions to make.

• Flexible and scalable. As we progress through the method we can choose
to employ more or less rigorous comparisons depending on the importance
of the design decision. For instance it may be justified to employ the full
comparison scheme as opposed to the chainwise, if we would want to inte-
grate a new engine system with high impact on system behaviour. Likewise
we can choose to have a high number of scenarios if the decision is judged
very important.

• Feedback on accuracy. The AHP calculations produce a measure of con-
sistency for the estimations made by the experts. Thus, both in the second
and third step we will get feedback on whether the interviews have been suc-
cessful. If the consistency is too low, we can instead decide to redo some of
the importance assessments.

• The method has some support for answering why. An important issue
when designing systems is to have an understanding by all involved why
a certain design has been chosen. If the "why" is clearly understood, we
run a low risk that the decision is overrun by a new decision. It is clearly
visible in the AHP process how the relative importance measures have been
estimated. This would likely aid in the effort of explaining why decisions
have been made.



6 Conclusions

In this paper, we have presented a new method for making decisions on integration
strategy for in-vehicle automotive systems. The method is based on a combination
of the Architecture Tradeoff Analysis Method, ATAM, and the Analytical Hierar-
chy Process, AHP. We have described the method in detail and exemplified its use
with a theoretical but realistic example of an electronic controlled gearbox that is
to be integrated into an in-vehicle electronic system. Analyzing the method and
the example, we have shown that the method is usable and has benefits compared
to either ATAM or AHP used individually. Like ATAM, this method provides a
way for stakeholders to reason about system qualities, but it does not stop at iden-
tifying important design points. Compared to using ATAM alone, our combined
method supports decision making and should still have the benefits that has been
reported with ATAM. One such important benefit is that stakeholders get to rea-
son about qualities and their fulfilment. Thus, compared to using AHP alone, we
will get both a structure for the criteria and likely also the benefit of stakeholder
involvement and communication.

In analyzing the method and the example, we have also shown that the method
seems feasible and that it supports some desired properties. Firstly, it is scalable
in effort to compensate for more or less crucial decisions. Secondly, we show that
it provides feedback on the quality of the estimates. Thirdly, the method does pro-
vide some documentation as to why a decision has been made and this possibly
helps in understanding and communicating system design among stakeholders.
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