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Abstract

The amount of electronics in vehicles is growing quicklygtsystems are be-
coming increasingly complex making the engineering of éhasftware inten-
sive systems more and more difficult. In particular, an dediire supporting
the business goals is a prerequisite for successful design.

In this thesis two case studies have been made including gu®motive
companies with purpose to investigate the key issues tetateeal-world de-
cisions when developing Electrical and Electronic (E/ESteyn architectures
in the automotive industry.

The results show that many of the identified issues relateototachni-
cal areas such as organization, process, methods anddodisnanagement.
Examples of identified issues are the deficient understgrafithe electrical
system and software at management level, and the lack ofdifisg@ocess
for architecture development. To cope with these issuesuggest the fol-
lowing actions: Educate management, increase the useuatsted decision
making, improve the architecture development procesgfictasponsibilities
in the organization and clarify development strategies.

As a possible solution to one of the suggested actions we dexeloped
a method to evaluate how new functionality is successfullggrated into an
existing architecture. The method is a combination of thehitecture Tradeoff
Analysis Method, ATAM, and the Analytical Hierarchy Prose®\HP. The
method firstly supports a structured way of listing systeralgicand secondly,
it also supports the making of design decisions.






Swedish Summary - Svensk
Sammanfattning

Det ar drygt 30 ar sedan mjukvara borjade anvandas i bilankijra anvan-
des da for att kontrollera tandningen och systemet var histdénde. | en
modern bil idag finns det miljontals rader programvarukad fbera kilometer
med kablage som kopplar samman de upp till 70 datorerna sorfirkeas till-
gangliga. Allt detta gor att de mjukvaruintensiva systerbBnmer och mer
komplexa och svara att utveckla.

Anledningen till den stora méngden elektronik och mjuka@arkamforallt
tillvaxten av nya avancerade funktioner for: 6kad sakerhrehdre avgasut-
slapp och 6kad komfort. Exempel pa sadana funktioner artadtgsthal-
lare (farthallare som anpassar avstandet till framfomvdeabil), automatisk
inbromsning och kollisionsvarnare. Aven relativt smé ockla system kréaver
mer minne och stérre kraftfullare processorer. Idag krétgitl exempel tre
ganger mer minneskapacitet i skakskyddet till cd-spelag@nvad som tog
Apollo 11 fram och tillbaka till manen ar 1969.

Elektroniksystemet i ett fordon delas ofta mellan flera niledech vari-
anter. Det gor att systemet maste kunna anpassas for atidas/bade i en
billigare bil med endast enklare basfunktioner, och i ensbiin ar full med
avancerade funktioner. Samtidigt ar det svart att vardarartycket som ska
delas da det kan betyda att den billigare bilen far onddigdrtamler i form av
mer avancerade komponenter an vad som kréavs for basfuaktaten.

I den har uppsatsen presenteras nyckelfaktorer som spéigkaiproblem
som finns under utvecklingen av elektroniksystem idag hosternationella
fordonstillverkare, som har huvuddelen av sin verksami®tdrige. Nyck-
elfaktorerna har identifierats via ett 30-tal intervjuerdmga av dessa problem
gar att harleda till icke tekniska faktorer sdsom orgaiisadch ledarskap.



Ett problem som diskuteras i avhandlingen ar den bristaddséelsen for
elektronik och mjukvara p& chefs- och ledningsniva. Avsalen av tydliga
processer for utveckling av elektroniksystem &r ett anBaserat pa de prob-
lem som identifierats foreslas en rad atgardspunkter:dathihefer, utdka an-
vandandet av strukturerade beslutsmetoder, forbatteckiimgsprocessen for
elektroniksystem, tydliggora ansvarsférdelningen i aigationen och tydlig-
gOra utvecklingsstrategierna.

Som lésning pa ett av de identifierade problemen har vi tegjihnfen metod
for att utvardera hur nya funktioner kan integreras i etaredxisterande elek-
troniksystem. Metoden tillhandahaller ett strukturerah @ffektivt satt att
resonera kring betydelsen av olika systemegenskapemdéesabilitet, saker-
het, palitlighet och servicebarhet.
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Chapter 1

Introduction

It has been 30 years since the first piece of software was nsedehicle [1].
That particular software was used to control the ignitiothefengine. The first
software systems in vehicles were local and did not have amyunication
between different systems. Since then a lot has happeneddayalmost all
new functionality involves advanced control of electraénd software.

The automotive industry is traditionally a mechanical isiiy Of course
mechanics is still the foundation of the vehicle but the amatf software and
electronics is increasing rapidly. According to [2], 23%tloé overall cost of
high-end cars today is related to the Electrical/Electd&/E) system, and
this figure is believed to increase to 35% in 2010 [3]. Todayap0% of all
new innovations in a car are realized with electronics arfitveoe [4].

One of the reasons for the large increase of software antt@hécs are the
customer demands for new safety and convenience functimisas adaptive
cruise control, blind spot detection, forward collisiomalance, lane departure
warning and many more. Further, to cope with new regulat@nemissions
the use of software and electronics is a necessity. For tlggnar Equipment
Manufacturer (OEM) software and electronics aids in testcedures since
many tests can be automated. It further provides the OEM fhgstibility in
managing variants by parameterize the software diffeyantitead of using
different mechanical components. An example of this is tifaxare control-
ling the engine that can be parameterized differently tiizatdifferent engine
models.

Some parameters that make it hard to develop the E/E systethaias-
sumed long operational life time and a complex suppliercstme. At the same
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time much of the functions controlled by electronics areesatritical and
periodic maintenance cannot be assumed. Furthermorepthplexity is in-
creased due to the different variants with many differemffigurations. The
reason for this is partly due to different customer demandsiso due to the
legal requirements of each country where the product is. sbtdhandle the
different variants most automotive companies use a prdohecapproach and
many models share a common platform.

The E/E system architecture affects the qualities of theesysnd thus is
an enabler to become successful in developing E/E systertheimportance
of the architecture is often neglected. This is mostly duthéofact that it is
hard to see any direct customer value provided by the anthie However,
if unsuccessful in the architectural work, adding new fiorality could be
costly, the wanted quality could not be achieved, or it cawiein be impossible
to include the new functionality at all. This thesis desesilixey challenges in
decision making for automotive E/E architectures and howeojoe with these
challenges in a satisfying way.

1.1 Outline of Thesis

In Chapter 2 we discuss the term architecture and how it id irs@n auto-

motive context. Research scope and motivation of the wadtitey up to the

research questions is discussed in Chapter 3. We also presated work

and the methodology used to answer the research questio@&hapter 4 we
present the companies involved in the research. ContinuithgChapter 5 we

revisit the research questions and summarize the conibaf the thesis. In

Chapter 6 we conclude the first part of the thesis with a dsonsand give

some indications about where future research will be matthd second part
of the thesis, all included papers are presented.



Chapter 2

Automotive Architectures

In this chapter automotive E/E system development is intced. The chapter
also defines the meaning of an architecture and differeetaspf architectural
development.

2.1 Automotive E/E System Architecture

The term architecture and system are frequently used wheshatgng automo-
tive electrical and electronic systems. However there tsaivsays a common
understanding of what is included in an architecture. Duimerviews with
employees at different automotive manufacturers we astetheir view of
what an architecture is. The placement of physical compisremd software
was one respondent’s idea of an architecture. Another s&dnly the ca-
bling, harnesses, and power consumption that are part @frtdtecture. One
respondent claimed that an architecture is the guiding fiaiehow to build a
system and also the composition of elements and their oaktiip.

The views on what an architecture is differed although a fespondents
mentioned the IEEE definition of architecture: "The fundatakorganization
of a system embodied in its components, their relationsioigach other, and
to the environment, and the principles guiding its desiga evolution” [5].
This definition is quite general and most of the respondemis,ideas on what
an architecture is can be included in this definition.

The E/E architecture in vehicles includes sensors, aatsiagémd control
units as well as other hardware components. The archigedags not specify



8 Chapter 2. Automotive Architectures

the details about each sensor, but more that there shoulddresar measuring
the distance to objects in front of the vehicle i.e. if it isaalar, high speed
camera or a laser range finder is not part of the architecture.

Further the physical network, software and wiring is parthef E/E archi-
tecture. A reason for this is the tight coupling between tvaré and software.
For instance, a braking application is very tightly boundhe hardware for
which it is tested and developed. A change of actuators cerdtardware
components in such an application would likely generatesagh of software
functionality.

According to the IEEE definition the architecture also imga guiding
principles and rules about the design of the system suchp&sdlycommu-
nication protocols. It should also include guidelines abloaw the system
should evolve.

2.2 Different Architectural Views

An automotive electronic system architecture can be desdrin many ways
using different views as stipulated in [5].

Physical View

A commonly used view is thphysical viewshowing where the different Elec-
tronic Control Units, ECUs, are physically placed and alsavgs how they are
connected to each other via different networks; CAN [6] xFdg [7], MOST
[8] etc. An example of this view is shown in Figure 2.1.

Logical View

Another view that is important is thiegical view It describes logical rela-
tionships and how different components depend on each tmbally. The
logical view is independent of the physical view. Howevarthmight be phys-
ical limitations that will favor a different logical solun.

Electrical View

A view that is more unique for an automotive E/E architecttompared to a
general software architecture is thkectrical view This view shows the elec-
trical distribution in form of cabling, fuses and power geat®n, and storage.
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250kbit
125kbit
25Mbit

CAN High Speed
CAN Low Speed

MOST

Figure 2.1: Physical view of the Volvo XC90.

In the automotive industry the physical and electrical wewe usually the
one that will get most attention. This is mainly due to the that it is easier
to understand placement of real physical components itstthe sometimes
more abstract logical view.

In a vehicle the physical and electrical view is importantcsi many con-
straints are determined by these views, for example theesipaa vehicle is
fairly limited, packaging is always a problem, but not hayangood logical ar-
chitecture might increase dependencies between diff&@bis. Anincreased
number of dependencies will most likely cause the systemetabre com-
plex, harder to remove or change components, and more diffoccadd new
functionality.

Another reason why the physical and electrical views getstraibention is
that many processes are dependent on these views, such afotanng and
service.

2.3 Architecture Process

The process of designing an architecture for an automogstes is complex.
The architecture should comply with many different stakeboneeds. A gen-
eral process for architecture development is describefllimfluding seven
key activities. One of the more important steps in the predgdo identify

and engage stakeholders. A problem is that many stakelsaddemot see the
architecture as their core business and easily prioritizeractivities.
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Another problem is that the requirements for the functiaypdhat the ar-
chitecture should support are finalized at a later stages Mbans that the team
responsible for the architecture has to make qualified gsesisout what the
future requirements might be and what functions that shbalsupported.

2.4 Development Context

In the automotive industry many vehicle models share theesalatform and
architecture. The architecture has to comply with requéets, not only from
different models within one brand, but also requirememsifdifferent brands.
For example a high-end Volvo car might share architectutie asiow-end Ford
car. This means that the architecture has to be scalablgpmsiboth, and not
making the architecture for the Ford model more expensiviteveth the same
time still support the larger amount of functionality reepd by Volvo.

There are many parameters to consider if it is beneficial éameshn archi-
tecture between models or not. One reason for sharing aothie could be
that the quality is increased when reducing the number dfit@atures since
more development time can be used for each architectureh®ather hand
if the architecture becomes more complex when enabling@tippr differ-
ent models the quality might go down. If the architecturaiit suited for a
particular model the development cost for that particutehitecture will most
likely be lower, but if considering that sharing the arcbitee means that de-
velopment cost will be shared between many models it wilbpldy generate
a better business case for the company as a whole. Furtbgmdbuction cost
can be lower when sharing the architecture since largertiiezof the same
component can be purchased.

Common for all automotive developers is that they purchabsystems
from different suppliers and integrate these systems. Mifiche software is
not made in-house and is usually included in the specificviaarel. If one for
example buy a braking system both software and hardwarearghtb from
the same supplier. Although the AUTOSARitiative [10] might enable that
software and hardware are purchased from different sugpiethat the soft-
ware is developed in-house. Automotive development is elswacterized by
relatively long lead time where the start of production muard four years after
start of development.

1IAUTOSAR (AUTomotive Open System ARchitecture) is an oped standardized automo-
tive software architecture, jointly developed by auton®ibnanufacturers, suppliers and tool de-
velopers.
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Suppliers in the automotive domain are usually very largbis Thakes
some of the Original Equipment Manufacturers, OEMs, reddyi small com-
pared to some suppliers. The supplier tends to strive forgusidesign devel-
oped for some other OEM when offering to sell a component. &M on
the other hand usually prefers to get the function devel@xedtly according
to its own defined requirements. By choosing something dyreaveloped for
another OEM the cost might be reduced and also the qualitgased.






Chapter 3

Research Scope

In this chapter we present a motivation of the work leadingaughe research
questions. We also discuss the methodology used to addaeksresearch
question. In the last section of the chapter related worksisussed.

3.1 Motivation and Positioning of the Work

With the increasing amount of software and electronicsisitats made during
E/E system development become more and more importanty Bsdacorrect
decision in the architecture can severely increase the bo#t during devel-
opment and also in later phases such as for example maicenaiowever,
little research has been done about how such decisions ale today.

The architecture itself does not provide any customer fanatity, in-
stead the design of the architecture affects differentitigmbuch as flexibility,
dependability, serviceability, security and maintaitiabi These quality at-
tributes are hard to value, both against each other andstgaist. The benefit
for enhancing serviceability might not be seen until latethie life cycle of the
vehicle and it is extremely hard to value such attributestHenmore, even if a
certain quality attribute is valued it is difficult to know whparticular design
decisions that enhance the wanted quality.

When designing an architecture the influence from diffeamets is an
aspect that is important to consider. For example the sirectf the orga-
nization might put constraints on the architecture. Otlieas that affect the
architecture are management and business, and procestteximand tools

13
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(PMTY). These non technical factors have a large impact on thétecolre
and therefore we believe they are important to consideurgi§.1 shows how
the architecture relates to other areas that are affected.

It is the architecture part in Figure 3.1 we focus on in thisesrch, and
how it is affected by the other areas.

Management

Figure 3.1: Positioning the work.

3.2 Research Question

Our research aims at surveying methods and processes ubedantomotive

industry today to make decisions regarding the E/E systemotifer aspect
is to investigate which the key factors affecting a decisiog. The reason to
start with exploring which key factors are important todayto get a broad

understanding of the issues related to automotive E/E sysievelopment.

This is beneficial for the companies studied to better urtdedsthe issues that
exist. Without this broad understanding of what the realdéssare it is hard to
provide new methods and tools that are really useful.

1PMT is a general expression used in the automotive indusieyefore we have chosen that
acronym despite the fact that it might not be well known ind&eaia or other industries.
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Below are the research questions that the licentiate thesisesses. RQ1
is discussed in Paper A and B. Paper A concerns the develdjfreenar’s E/E
system architecture. In Paper B we identify issues relat¢de development
of E/E system architectures from the viewpoint of heavy ekdsi RQ?2 is
discussed in Paper C.

RQ1: What are the key issues affecting real-world decisions regarding a ve-
hicle's electrical and electronic system architecture?

RQ2: How to make effective decisions when adding new functionality to an
existing electrical/electronic system architecture?

Naturally, the answer to these research questions mustugsat the com-
panies carrying out development of electronic architexsuFurther, it cannot
be assumed that only technical issues are related to thestianps, but also
organization and management, as well as processes, metmatitools must
be considered. Therefore, a collaborative project waspseiithn leading auto-
motive industries in Sweden. This collaboration is furttiescribed in Chapter
4.

One major difference between the car industry and the heakiche in-
dustry is their customers. A car is in most cases a consunogiupt while
most heavy vehicles are sold business to business. Thussdhen for buy-
ing a heavy vehicle or a car differs quite a lot. As some peapjeie, "a car
is bought with the heart and a heavy vehicle is bought withraagsheet".
Also the amount of electronics and software is larger in adcarto customer
demands for infotainment and active safety.

The benefit of being able to compare the results from the twwe studies
gives us the ability to generalize results much more thert wbald have been
possible if only considering one domain. In Chapter 5 we jg®a short dis-
cussion about the differences and similarities betweedifferent companies
participating in the research.

3.3 Methodology

To answer the research questions stated above we used feredifmethods.

3.3.1 Method for RQ1: Case Study

In the first two papers answering the first research questsmmade two dif-
ferent case studies. In paper A we used an exploratory sitagke study and in
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paper B we used an exploratory multiple case study. Exployatudies reveal
answers to questions based on what, how, and why.

We choose the case study methodology since we wish to explaatpeo-
ple working in the organization think are the most challeggissues within
the development of E/E systems. As our tool to collect datausedd semi-
structured interviews since it provides us with the flexipito change direc-
tion based on the answers we get. Semi-structured intesviiewe predeter-
mined questions, but the order can vary based on the integvi perception
of what seems most appropriate [11]. Additional questicars also be con-
structed during the interview and it is also possible to reenguestions that
seem inappropriate.

Another important advantage of using interviews insteafbofexample
surveys is the ability to explain a question further if thependent is unsure
about how to interpret the question. More information alabifierent method-
ologies can be found in [11], [12] and [13].

Below are the different steps in the case study. Each steprtisefr de-
scribed in Paper A and B. In these papers there is also an th degzussion
about validity.

Planning and Preparation

To select suitable respondents we used a contact within rijnization to

select respondents. Most of the respondents contactedalserable to partic-
ipate in the study. The same set of questions was used fochsthstudies. To
test that the questions were suitable we made a pilot irderaind analyzed it
separately. Minor modifications in the questions were méige the pilot.

Interviews

All interviews lasted between 50 and 120 minutes. At eackriméw two re-

searchers participated, one asking questions and the watkiag notes. We
did not use any recording devices due to the risk of limiting bpenness of
the respondent. Instead all interviews were transcribesttly afterwards to
avoid any misinterpretations of the notes.

Analysis

In the next step we analyzed the result from the interviewnss part was done
by extracting statements from each interview and puttirgrtiin a database.
All statements were printed and similar statements werepggd together. The
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grouped statements were rewritten and combined to a morergleiorm to
depersonalize all data. For a statement to be consideretissie at least two
respondents independent of each other had to name thahstate

Validation

To validate that the issues found were relevant we sent a&guovall people
that participated in the interviews. Each respondent nuhitk@ questionnaire
how well they thought each issue complied with their own apin

3.3.2 Method for RQ2

In Paper C we propose a method that can aid when choosing éretifferent
integration strategies. The method should be used whemgaeéw function-
ality to an existing system. The method in this paper was mdstsed on
literature reviews and discussions with experts. By combiand modifying
two methods, the Architecture Tradeoff Analysis Method AM) [14] and
the Analytical Hierarchy Process (AHP) [15], we got a mettiwat can firstly
elicit important qualities of the envisioned system, ancbselly a method that
aids in choosing a particular integration strategy.

3.4 Related Work

In this section we discuss work that is related to the thesishort section
presents the current challenges in automotive softwarammeadng and what
the incentives are. We also discuss some models and ewsduaéthods that
are relevant. Further related work is provided in each opégeers included in
the thesis.

3.4.1 Challenges

Challenges in automotive software engineering are digclisg Broy in [16].
According to Broy one of the issues in the automotive industday is the lack
of competence in software engineering. A further challesdkat the current
development processes for software are insufficient. Toer¢here is a need
for new processes that can aid in reducing the complexitygathe same time
enables innovation and save cost.
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In [17] Grimm claims that a prerequisite for an OEM to be ssstal is
to have competencies in software development processesofimare quality
management.

Pretschner et al. have in [18] listed five areas that arergdtie automotive
software development. One of them is the focus on unit cosliectronic com-
ponents. Since vehicle components are mass produced pplexanately 7
years, & 1 cost reduction for one component will lead to a substaatiatall
cost reduction. This makes engineers focus on reducingdghded computa-
tional power and memory by optimizing the code for that paltir processor
and not including more memory than the minimum needed. THemdaaw-
backs with this approach are that it will be hard to add newcfionality or
change processor without rewriting the software.

In our case studies we have seen similar challenges as tlsedeseribed
above. However these authors discuss the challenges froftwage perspec-
tive while in our case study we have taken a broader appréacising on the
E/E system architecture.

3.4.2 Organization

Some of the issues from the the case studies (presented pieCiad relate to
the organization. The reason why the organizational asgeetimportant can
be described with Conway'’s law [19] from 1968 that says: "Anganization
which designs a system will inevitably produce a design whsisucture is a
copy of the organization’s communication structure".

The lack of not being able to cooperate between differenadegents will
affect the productivity negatively as discussed in [20].s&h on interviews
with managers from an engineering consultancy firm they lcolecthat inef-
fective interaction between departments is costly bothHerorganization and
their people.

In [21] they list ten principles of collaborative organizats. One of the
principles is to align authority, information and decisimaking. If failed to
do so, the decisions that are made will easily be overturritdfew attempts
to explain the reason to those who made the original decidibrs is closely
related to one of the issues described in Chapter 5 statatglétisions are
usually poorly motivated and it is hard to reach consensus aceptance in
a decision
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3.4.3 Management

Management influences the architecture, and often the thokaerstanding
for software and electronics affects the architecture tagg This is an is-
sue that is supported by [22] stating that systems engimgéimostly driven
from a mechanical and electronic point of view and seldormfie software
perspective.

Related to why management seems to have a lack of undensgafati
software and electronics could be the extra layer of conitylezausing the
systems to be too complex to overview effectively. In [23fishown that the
learning cycle of manager’s breaks down in complex enviremts. A reason
for this is the time lag between cause and effect.

A management related issue discussed in Chapter 5 is taeughough
resources in advanced engineering projects. One reasba tmapany fails
to do so might be that old development projects cannot kespdkadlines and
are therefore utilizing resources that were allocated flwaaced engineering
projects. This issues with a possible solution is discugs¢zi].

3.4.4 Evaluating an Architecture

In the automotive industry with many models sharing the sanchitecture,
scalability is an important quality. One of the issues foimdhe interview
study confirms this. A possible solution to this issue cowddd use the ap-
proach suggested in [25] where real options are used to wallability. A
problem that can arise when an architecture and functianstaared between
brands is discussed in [26].

Another issue found in the case study relates to the lack diodgo eval-
uate the business value of different architectural dedignreatives. This issue
is supported by Bosch in [27]. As a possible solution to thésie an iterative,
scenario based evaluation of a software architecture iggsed in [28]. An-
other scenario based approach is the Architecture Tradewflysis Method
(ATAM) [14] where quality attributes are used to evaluat@tivgare architec-
ture.

In [29] a method for evaluating automotive E/E system is @nésd. It
suggest a system level architecture design methodologyostgul by tools and
methods for quantitative evaluation of key metrics of iastyrelated to timing,
dependability and cost. To generate an optimized E/E syisteshdesign a tool
chain supporting AUTOSAR [10] is suggested in [30]. It is gibte that these
methods can be used to successfully evaluate an automakvarEhitecture.
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Related to automotive E/E architectures [31] suggests proaph on how
to balance between a centralized architecture and a fulyillited architec-
ture, with the concept of platform-based design [32] andMie&opolis frame-
work described in [33] and [34]. Different architectures &alued based on
four different qualities: control latency, geometric nietr(number of connec-
tors, wire length), serial data metrics and flexibility.

Many of these methods seem promising and can probably @@adial
solutions to the issues found for RQ1, but have to our knogéetbt gained
any success in real cases in the automotive industry.



Chapter 4

Project Set-up

This research has been done in close collaboration withstmglumainly three

different automotive companies. The reason for choosiesglparticular com-
panies as collaborators is that they are internationallggaized companies,
all very competitive within their domain. Another reasortie previous good
relations between our university and these companies.idriythe of research
this is important since trust and credibility are crucialbirder to get sincere
answers in case studies and also to get the cooperationchexde able to

perform an interview study at all. In the following sectioofsthis chapter,

these companies are described as they were at the time wieestarch was
carried out.

4.1 Volvo Car Corporation

Volvo Car Corporation (VCC) has its headquarters, inclgdinoduct devel-
opment and many other functions, in Gothenburg, Sweden.coimpany is a
producer of premium cars, with special focus on safety,renvnent, and qual-
ity. It has approximately 25,000 employees and manufa@ndesell close to
500,000 vehicles each year worldwide. It is a subsidiaryhefFord Motor
Company (FMC) since 1999, and has close co-operation pifimwith Ford
of Europe in Germany and Jaguar-Land Rover in the UK. Foretliwands,
VCC has a leading responsibility for the E/E architecture.

21
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4.2 Volvo Construction Equipment

Volvo Construction Equipment (VCE) is a division within thMelvo Group
that develops and manufactures construction equipmehtasjevheel loaders,
excavators, articulated haulers, and graders. Resperfsibthe E/E system
developmentis the component division of VCE. In total at V&&und 16,000
people are employed and approximately 140 are directlyhmeebwith E/E
system development.

4.3 \olvo 3P

Volvo 3P (V3P) is a division within the Volvo Group responisitior product
planning, product development, purchasing, and produgeananagement
for the three truck brands that are owned by the Volvo GroupdMTrucks,
Renault Trucks and Volvo Trucks). The development is foduseGothen-
burg, Sweden but some activities are done in the United Statd France.
In total there are around 3,000 employees at V3P and the wall@se is ap-
proximately 220,000 trucks per year. The E/E departmentrbiaghly 600
employees.

Although both VCE and V3P are part of the Volvo Group they Hawéed
cooperation and have their own business strategies. FWDE has different
legal requirements than V3P since VCE is to 90 % a manufactdi@f-road
machinery. Furthermore VCE has more product variants atttkagame time
lower sales volumes than V3P. The architecture is part oatigyin that facil-
itates variability options supporting different brandslgmoducts.

4.4 Development Processes

All three companies have a similar development process. dEvelopment
process is based on a general stage gate model describedpgr@85]. The
basic steps of the process used by the Volvo Group are deddriti-igure 4.1.
Volvo Cars has a similar development process that is a jootgss with Ford
Motor Company. Most work related to the architecture is dartbe pre-study
phase and in the concept study phase. Below is a short sunohrg key
activities in each step of the development process usedebyalvo Group.

Pre-study phase.Define the scope of the project by balancing project targets,
developing requirements and alternative solution corscept
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> Pre Study Concept Study Lol > o Final > ializati > Foll " N

Figure 4.1: Overview of development process used at V3P &i.V

Concept study phase.Analyze alternative concepts and select one for devel-
opment. Document and sign off the preliminary Project conte

Detailed development phaseDefine and approve the solutions to be imple-
mented and the project’s delivery commitments from all ardéreeze
and sign off the Project content.

Final development phase.Build, verify, validate and refine the product so-
lution. Refine market, aftermarket, manufacturing, aneadsy solu-
tions.

Industrialization and commercialization phase. Install, prepare and verify
the industrial system. Launch product and aftermarketyetsd Finalize
product verification and validation to approve productask

Follow-up phase. Hand over product to line organization, follow up project
target fulfillment, summarize project experiences andecfo®ject.






Chapter 5

Summary of Results and
Contributions

The contribution of the licentiate thesis is an indicatiémvbat the key factors
are when making automotive E/E system design decisionshdffittst out of
two case studies, Volvo Cars (VCC) was the studied objectratite second
case study two divisions, Volvo 3P (V3P) and Volvo CE (VCE)thin the
Volvo Group were the research objects. In the second cadg wiitreated the
two divisions as two separate organizations and analyzell @digision sepa-
rately before comparing them.

The two case studies indicate that non-technical parasateras impor-
tant as technical parameters in the decision making procEssthermore,
the thesis presents how different automotive companigs different types
of products deal with the problem of making decisions whesigieéng auto-
motive E/E systems. Many of the identified issues are comropoalf three
organizations although there is a difference in type of pobdvolumes, and
number of variants.

As a further contribution of the two case studies we provimae sugges-
tions for actions to cope with the identified issues. We psepthe following
actions; Educate management, increase the use of strddecision making,
improve the architecture development process, clarifpaasibilities in the
organization and clarify development strategies.

The final contribution of the thesis is a method for makingatured and
effective decisions when designing automotive E/E systaihis is a possible
solution to one of the issues identified in the two case studie
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In Chapter 3 we discussed the research questions we aimieaimsthis
thesis, and below we revisit these questions and describénalings. The
results presented here is a further synthesis of the regrdsented in each
paper.

5.1 Key Issues Affecting Architectural Decisions

In this section we present the results from our findings eelabd the first re-
search question. The question we posed was

RQ1: What are the key issues affecting real-world decisions regarding a
vehicles electrical and electronic system architecture?

To answer this question we made two separate interviewegudne ex-
ploratory single case study and one exploratory multiptecaudy, each study
is further described in Paper A and B respectively. The uranalysis was the
E/E department at VCC, V3P and VCE.

The findings were validated with a survey, and in section3stiat result
is used to compare the different companies.

The study involved 27 respondents, all with extensive keoge and ex-
perience from developing automotive E/E systems. Respusdecluded for
example a project manager, a technical leader, a seniaritedladvisor, a sys-
tem architect, a software architect, a senior manager, &chaical expert. In
total we found 21 issues affecting real-world decisionsarding a vehicle’s
E/E system architecture.

These issues were categorized into the four areas intrddncehapter 3,
architecture organization management and businesdprocess, methods
and tools (PMT) All issues were extracted from interview data, and the-clas
sification made by two researchers. Many of the issues relat®re than one
of these areas. Below we have made a distinction betwees-cudsng issues,
i.e. issues that are related to more than one area, and ngsrautting issues,
i.e. issues that only have a relation to one area. An infegeBnding is that all
issues mapped to the architecture are cross cutting. Teendar this could
be that if a problem occurs that is only related to the archite it is solved
directly.

Below we discuss a selection of these issues and what theeprslof each
issue might be and how they can be resolved. A full list ofésswith mapping
to the different areas are shown in Table 5.1.
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Table 5.1: Mapping of issues to high level attributes.

Issue

Architecture

Organization

Process, Methods& Tools

Management & Business|

1. Several brands and products share the same arch
ture but have different priority order between, for exal
ple, quality and cost

nitec-
mX

X

2. There is a lack of clear strategy for what developm
should be done in-house and what should be done a
ternal suppliers

ent
[ ex-

3. Architectural issues should be handled more energ
cally and it should be made clearer who in the organ
tion is responsible for such issues

jeti-
zaX

4. There is a lack of process for architecture developn

emt

5. There is a lack of clear long-term architectural stratg

203

6. There is a lack of understanding of the electrical §
tem and software at the management level

7. There is no clear process for handling requirement

8. The cooperation between product development
product planning needs to be improved

9. There is no method or model for measuring and foll
up of quality problems during development

10. There is a lack of method or model to evaluate
business value when choosing the architecture

11. Itis unclear how to prioritize between time, cost a
quality
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Table 5.1: Mapping of issues to high level attributes.

Issue

Architecture

Organization

Process, Methods& Tools

Management & Business|

12. The complexity in the organization as well as
product has increased which has led to a situation w
the existing processes are insufficient

he
ere

X

13. Decisions are usually poorly motivated and it is h
to reach consensus and acceptance in a decision

ard

14. Architecture decisions are often made based on €
rience and gut feeling

X%-

15. History has a large influence on architectural deci-

sions, and is reflected both in choice of technology an
the organization

d iX

16. The modeling tools used today demand resourceg and

provide little value

17. Decisions are easily made that suit one’s own proj

ect,

team or component even though it leads to a poorer over-

all solution

18. Technical parameters are regarded as less impgrtant

than cost when selecting components or suppliers

19. Advanced engineering projects have low priority and
to increase the priority they are merged into development

projects too early

20. Processes and methods are less valued than k
ledge and competence of individuals

now-

21. Prestige and rivalry complicates cooperation between

different departments and business units
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5.1.1 Non Cross Cutting Issues

The issues that are isolated to one area can hopefully blveesmore easily
than the cross-cutting issues. However, only four of thesglieés were single
faceted.

An example of such an issue is Issue 6 in Table 5.1. It statgstibre is a
lack of understanding of the electrical system and softwmathe management
level This is an issue that could be explained by the fact that maaryagers
and other staff have a mechanical background. Educate rearead is a nat-
ural solution to this problem. However, the first step is il to convince
management that they need to be educated.

5.1.2 Cross Cutting Issues

The cross cutting issues could be complex in the sense thaght require
more than one area to change to be successful in solving #iatyar is-
sue. On the other hand trying to correct the problem in justamea might be
enough. If that is the case, than a cross cutting issue majhaly be easier
to solve than a non cross cutting issue.

If an issue relates to organization and PMT, it could be ttatange in the
organization will make changes in other areas unnecesBhiyis exemplified
with Issue 12the complexity in the organization as well as the product has
increased which has led to a situation where the existinggsses are insuffi-
cient This issue is related to PMT as well as organization. Howevehange
in the organization might be enough to solve this issue,ttmatild also be that
a organizational change will not solve this issue at all. dwer, a change of
process might be insufficient, and to be successful in sglthis issue, both a
change in process as well as organization could be required.

Issue 5there is a lack of clear long-term architectural strate@g/an issue
mapped to architecture and management. This issue wiledhesarchitecture
to become less evolvable and major revisions have to be made aften.
To resolve this issue management needs to have a cleaggt@iehow the
architecture should evolve over the years.

5.1.3 A Comparison of Issues Between Organizations

We believe that many issues are common for all three compabig some
more dominant in a particular organization. In this sectiendiscuss differ-
ences and similarities in the companies based on how thessgere rated in
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the survey.

In Figure 5.1 a Venn diagram with the six most highly rankestiés from
each company are included. As an example Issue 3, 4 and 1rhargdhe top
ranked at all companies, while Issue 7 and 11 were only tdgedhat V3P. This
is a first step to analyze how different issues are reflecteddm organization.
The possibility to analyze the survey data statisticallil e investigated in
future research.

An unexpected finding is that VCE and V3P, that both are pati@iolvo
Group, have no common issue among the six highest ranked dnstead
VCC has common issues with both companies. One possibditydcbe that
the culture of the organization and the business situatffatta more than
similarities in the product.

Significant issues for all companies

Issue 3, states thatrchitectural issues should be handled more energetically
and it should be made clearer who in the organization is resjide for such
issues The reason for why this is an issue at all three companielsl ¢@uthat
architectural work is not prioritized from management. sthirther relates to
the lack of understanding of E/E system development fromagament.

Most architecture work is usually made to comply with regmients from
the vehicle project that has the earliest deadline and thiisnake the archi-
tecture hard to adopt for future vehicles without major sewis of the archi-
tecture.

Issue 4, states th#ttere is a lack of process for architecture development
The architectural development at all companies today ikad- Without a
process it is easy to make the same mistakes over again, oeagspondent
said "we make the same mistakes in cycles of seven yearsdteRldo this is
Issue 14 stating tharchitecture decisions are often made based on experience
and gut feeling

A process for architectural work would most certainly eestire use of
more structured methods for decision making. Even if mosisitens are made
on gut feeling and experience, it does not mean the decisiadg are bad. The
reason that many decisions are made this way could be th&whmethods
that exist are not good enough as stated in Issue 10.
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Figure 5.1: Relation of highly ranked issues between VCE? ¥8d VCC.

Significant issues for VCC and V3P

Issue 1 states thaeveral brands and products share the same architecture but
have different priority order between, for example, quadihd cost This issue
was more significant at VCC and V3P than at VCE. A reason wlyjighnot a
highly ranked issue at VCE could be that they do not sharetanthre between
brands and models in the same way as V3P and VCC does. Fu@teo¥ly
share architecture between vehicles under the Volvo brampared to V3P
and VCC that in some cases share architecture with for exaRghault and
Ford respectively.
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Significant issues for VCC and VCE

Issue 10 concerns tHack of method or model to evaluate the business value
when choosing the architectur€his issue was highly ranked at VCE and VCC
but not at V3P. The reason for this is unclear since all theeepanies stated
that most architectural decisions are based on gut fedtogiever it could be
that the interviewees at V3P do not see the need for changgngay decisions
are made, or it could just mean that other issues were morertarg for them.

As explained earlier this is a key issue when it comes to fipdirsolution to
Issue 4.

Significant issues for VCC

At VCC Issue 20 was ranked among the top six stating fiiatesses and
methods are less valued than knowledge and competenceiotids A
possible reason why this issue is more highly ranked at VQ@dee that some
of the senior architects have been involved in almost ahiggcture design
work for the last 20 years.

Significant issues for V3P

At V3P two issues were more significant, Issu¢hgre is no clear process for
handling requirementsand Issue 11it is unclear how to prioritize between
time, cost and quality When it comes to requirements some respondents at
V3P claimed that informal contacts are a crucial part wherking with re-
quirements. One reason why this is a problem at V3P coulddteribre than
one brand tries to influence which requirements that shoilkcbimsidered.

Issue 11 seems to be a typical management problem. Thetprioder
between these three factors is highly dependent on the Igixedity report,
or if the last quarterly report is not as good as expecteddbad will be on
reducing cost. We have not found any indications on why #sgé was higher
ranked at V3P than at VCE and VCC.

Significant issues for VCE

Two issues were considered more important at VCE than at VA&C\VEP.
The first one is Issue 12dvanced engineering projects have low priority and
to increase the priority they are merged into developmeajgets too early
A possible reason why this issue is highly ranked at VCE cd@dhat al-
though all three companies have advanced engineeringtdepas, at VCE
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the advanced engineering activities are less prioritizedgtead advanced en-
gineering projects are moved to delivery projects, whiclesgly increase the
uncertainty in the delivery project. One reason for the pizgtion to often
end up in this situation might be that development projeatmot keep their
deadlines and are therefore utilizing resources that wkreeded for advanced
engineering projects.

Issue 19the complexity in the organization as well as the product has
increased which has led to a situation where the existinggsses are insuf-
ficient is the other issue that was more significant at VCE. A posskpla-
nation to this could be that the extensive use software aarehics has been
introduced more recently in a construction equipment thamgar or truck.

5.2 Effective Decisions

The first research question leaves us with many issues, eleapsolution to
these issues. Our answer to the second research questibhregglve some
of the issues discussed in the previous section. The seesednch question
was

RQ2: How to make effective decisions when adding new functionality to an
existing electrical/electronic system architecture?

The result based on this question is a method that can aickidehision
making process when integrating new functionality. Thehmodtis fully de-
scribed paper C, together with a guiding example.

Issues that might diminish by using this method is first ofta# issue
stating thatrchitecture decisions are often made based on experiemtgat
feeling (Issue 14). The method could provide a positive influencessud
13 stating thatlecisions are usually poorly motivated and it is hard to teac
consensus and acceptance in a decision

The method provides a structured reasoning on how to chaisebn dif-
ferent integration strategies when adding new functidyédi an existing elec-
tronic system architecture. An integration strategy issgmobased on what
quality attributes are most important to that particulasteyn. To extract these
qualities we propose a light weight version of the ArchibeetTradeoff Anal-
ysis Method (ATAM) [14]. To prioritize these qualities badlyainst each other
and how well they are suited for a particular integratioatstyy we use a vari-
ant of the Analytical Hierarchy Process (AHP) [15].

The method is flexible and scalable meaning it is possiblehtmse the
number of people involved as well as the effort for each iidial. It further
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provides some support to answering why a certain desigmalige is chosen.
If the "why" is clearly understood, we run a low risk that trecsion is overrun
by a new decision.
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Conclusions and Future
Work

In this thesis we present issues that are related to auteeroie system devel-
opment. We have seen that these issues are relevant arfiethat¢ real issues
at the companies studied. We cannot claim that we have folirabaes that
are related to automotive E/E system development but weuethat these are
among the most important ones to consider to remain sucdegihin each
company’s domain.

Even though many quite negative issues were found, the coiepstudied
have been and still are very successful within their domdeing able to
discuss these issues in such an open manner is a way to staiidcsolutions
to some of these issues. Through the investigations we teare that these
companies are very mature, being able to discuss and talk &fsoies instead
of just using the "ostrich algorithm" [36].

When we presented our results at seminars with the compamidsave
seen a great interest in trying to fix these issues which éartbncludes that
the issues are important to solve. We believe that someds®mepiire new
methods and models while some are more related to the aayehiaation
at that particular company. What is clear though is that emahtomotive in-
dustry there are many challenges due to the increasing arobsoftware and
electronics in vehicles.

At the moment there is no indication that this exponentiatéase of soft-
ware and electronics will stop within the next decade. Arothend is that
there will be less but more powerful ECUs. This is due to ptaisiimita-
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tion on where to place electronics. This implies that eacl B@l contain
more software, which means that when adding new functignadintrolled by
software and electronics, much of the complexity will moranf the physical
view of the architecture to the logical view. As mentioneiection 2.2, the
industry is much more comfortable dealing with the physigalv than with
the logical, hence this shift to software complexity is avgrag problem.

As a possible solution to some of the issues identified weqeep method.
It is presented in paper C and is a first step towards moretstadc decision
making. Although the method was constructed before theahctase study
was made we already had indications from discussions witlers in the au-
tomotive domain that there was a great need for such a method.

6.1 The Next Step

The main contribution in this thesis is the issues relatedutmmotive E/E
architecture development, and a first step is to make thengigons aware
of the issues that exist. However, there is still a need tddresolve these
issues in order to make these companies even more succeBséuhext step
is therefore to choose a few of the identified issues and findisos to them.
This might imply developing new methods and tools, but algggest changes
in processes or the organization.

Some of the proposed actions might not be suitable for acedesearch.
An example of this could be the action that concerns managearal their
lack of understanding for E/E system development. In thée eee believe that
the company itself has to make most of the work. Actions tmathe other
hand are suitable for academic contributions are first ofhedldevelopment
of new methods that can aid in the process of making architglctlecisions.
These methods have to be both effective and efficient in dadbe accepted
by the industry.

Another area where academic research can be of great usefautomo-
tive industry is how to create a clearer connection betwkemtchitecture and
the business success for the company. Furthermore, thefgumocesses for
architectural development can be further elaborated bgteana, focusing on
usability for industry and still contribute academically.

The issues presented in this thesis are based on interviemstlie auto-
motive industry, but do the same issues exist in other imghs$t Our aim is
to make a survey with companies outside the automotive ingtesbe able to
claim that these issues are general for other industrighatfis the case then
hopefully the same solutions are applicable.
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Abstract

The use of electronics in vehicles is increasing quickly gredsystems are be-
coming increasingly complex. This makes the engineerintpe$e advanced
computer-based systems more and more difficult. In pagticfihding a good

architecture is a prerequisite for successful design.igsttudy we investigate
key issues related to real-world decisions regarding & edectrical and elec-
tronic system architecture. To extract the key issues aloextpry case study
was performed at a car manufacturer. We used semi- formeahieivs com-

plemented with a survey to validate the results. The camioh of this paper

is twelve issues that reflect the situation at a car manufactilso, possible
actions to deal with these issues are provided.
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7.1 Introduction

The automotive industry has in recent years witnessed aatianmcrease
in functionality based on electrical and electronic comgras. According to
some sources, 80% of the innovation in a car in the premiunmeagcomes
from the electronics [1]. Many of the advances seen in theraative indus-
try, for instance in areas such as safety, emission comwaifort, and quality,
would have been impossible without the use of advanced ctanpased con-
trol systems. Also, electronics can be used to reduce cdstnvwexpensive
mechanical components are replaced by cheaper electromicoters. How-
ever, there are many challenges related to developing gystems. In this
paper, we present a case study that tries to establish howtamative man-
ufacturer deals with the development of the overall eleatrand electronic
(E/E) system architecture, and what important issues metodie solved.

7.1.1 Context Description

Although the electronics has a great potential to improveoles, the systems
are becoming increasingly complex and that makes the eagimeof these
advanced computer-based systems more and more difficidtfuFictions are
in many cases safety critical, requiring special care taleany circumstances
that may possibly occur during operation. At the same tifne system has a
very long life time where only sporadic maintenance can lsamgd. The
products are mass-produced, so assembly must also be Yiergraf Some
vehicles are also consumer products, which means that iteepust be kept
low.

Due to varying customer demands, but also due to differeyat leequire-
ments in the countries in which the product is being sold,ynemiants of the
product must be designed and verified. To handle this, ané tbke to have
reasonable production volumes of each system, the Origigaipment Man-
ufacturers (OEMSs) usually employ a platform strategy inekhinany compo-
nents are common across a range of products. The platforefiied over
many years, and each vehicle therefore has to cope with ansxé amount
of legacy both in components and in the overall structure.

With this multiplicity of products and variants, thechitectures becoming
very important and is a source of increasing interest froerfQEMs. An archi-
tecture can be defined as the fundamental organization cftarayembodied
in its components, their relationships to each other, atltgenvironment, and
the principles guiding its design and evolution [2]. Typigathe definition of
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the architecture is done early in the development phaseijsaagbrerequisite
for the detailed system design. Therefore, architectuveldpment is a key
activity in which many important decisions are made diseotlindirectly.

Many of the vehicle manufacturers are part of larger, muiéind corpora-
tions, and this means that additional complexity is gereraly sharing plat-
forms, architectures, and systems across several brahie still maintaining
the uniqueness of each brand. Also, much of the system dawelat is done
by suppliers, and the main responsibility of the OEM is pdawj requirements
and later integrate the different systems together. Thitién adds challenges
to the development.

It should also be mentioned that the OEMs are very large agtans, in
which thousands of engineers are involved in the developofemew vehicle.
The suppliers are just as large, meaning that even more @@aplicipate in
the complete project. Since the architecture is an integratctivity, it is a
place where many interests meet. Therefore, organizatimmhmanagement
issues are closely related to the architecture development

7.1.2 Research Question

The purpose of this study is to get a deeper understandingwfdecisions
are made when developing the electronic system of a vehiolg@articular,
we would like to improve the knowledge about factors invaolirea real-world
situation, in order to be able to later provide solutiond @& realistic and
effective.

The concrete research question we address is therefortbagsfo

What are the key issues affecting real-world decisionsmiigg a car's
electrical and electronic system architecture?

Naturally, the answer to this research question must berd@ighe com-
panies carrying out development of electronic architexsuAlso, it cannot be
assumed that only technical issues are related to thisiqgoebut also orga-
nization and management, as well as processes, methodfasadnust be
considered.

7.1.3 Related Work

To assess an architectural approach or aid in selectingdfisparchitecture
over another a number of methods exist. The problem with rabshese
methods is that they only consider technical aspects. QGtbesiderations
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such as organization, cultural issues and the politicabsibn at the partic-
ular company are usually ignored. To evaluate a softwarbitacture and
analyze how well it suits the business drivers ATAM [3] andABB [4] can
be used. Both methods has been developed by the Softwanedenigig Insti-
tute at Carnegie Mellon. ATAM and CBAM has been developedstiftware
architectures and only considers one architecture. Lasggest a combi-
nation of keyfigure analysis, Design Structure Matrix (DSatd qualitative
reasoning. This model aids in designing the architectuckismescribed in
[5]. Another method to evaluate an architecture is the Aedtiral Evalua-
tion Method (AEM) in which requirements are analyzed to lelssa quality
goals. This method is based on the ISO 9126-1 quality modelliee meth-
ods described above focus only on technical parameters. tblgnedict cost
and business value for different architectures is discliss€r] where cost is
added to existing UML models and together with risk analgsid probabil-
ity distributions Monte Carlo simulations are used to amalyhe risk of not
reaching the cost targets.

Even though many of these methods relate to industrial prog] few are
used actively in the automotive industry today. There is als or little doc-
umentation that these methods really solve today’s issuthsBAE system ar-
chitecture development. We believe that there is a needderstand what the
real issues are when developing E/E system architectueésrebdeveloping
a new method or model. Our approach is therefore to investid& current
situation and what the real issues are, and as a second sigpda how to
solve these issues. Different issues can have differentisns, where some
may require new methods and models, some could require aggabange.

7.1.4 Overview of the Paper

In the next section, we provide more details about the stimyuding the
methodology used to answer the research question. Therctin86.3, the
results of the study are presented and analyzed. In Secdoth@ validity of
the results are discussed. Possible actions concerningchdeal with the is-
sues found are presented in Section 8.5. Finally, in Se8ti®rthe conclusions
are summarized and some directions for future researchrapeged.
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7.2 Methodology

The research question was addressed with an explorataglestase study.
Exploratory studies reveal answers to questions based ah tww, and why.
As our primary source of information we used semi-struaturgerviews.

Semi-structured interviews have predetermined questiouisthe order can
vary based on the interviewert's perception of what seemst rappropriate
[8]. Additional questions can also be constructed durirgtierview and it is
also possible to remove questions that seem inappropfiaie persons were
always present at the interviews, one mostly taking notestha other one
asking questions. We chose not to use any recording devieetdhe risk of
limiting the respondent’s openness.

7.2.1 The Case at Volvo Cars

A suitable case study environment was found at Volvo Car Qatpon (VCC),
which is a partner together with two other OEMs in the redegnoject in
which this study was carried out. The company has its heatksainclud-
ing product development and many other functions, in Gdihegy Sweden.
The company is a producer of premium cars, with special farusafety,
environment, and quality. It has approximately 25,000 exygés and manu-
factures and sells close to 500,000 vehicles each year wioidd It has been
a subsidiary of the Ford Motor Company (FMC) since 1999, aasldiose co-
operation primarily with Ford of Europe in Germany and JagLend Rover
in the UK. For these brands, VCC has a leading responsilbditthe E/E ar-
chitecture.

7.2.2 Planning and Preparations

The unit of analysis [9] for the case study was the E/E depamtrwithin the

Research & Development organization. At VCC seven people welected
by the second author of the paper, who is familiar with theaargation. The
people interviewed include a senior manager responsibledocept studies
of E/E systems, a senior technical advisor working withtegiees, a project
manager for the E/E system in a vehicle project, a line managponsible
for some aspects of the system architecture, a techniatgieasponsible for
key systems and functions in the architecture, and two esgithat develop
functions and systems that utilize the architecture. Weskelthat this selec-
tion covers many aspects of the architecture developméier the selection
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was made and invitations were sent out, all contacts witintieeviewees were
handled by the first author, who has no relation to the compbloye of the
interviewees have any strong formal dependency to the esitva which re-
duces the risk to get insincere answers.

7.2.3 Interviews

All questions were semi-formal and asked in such a way tratéspondent
was encouraged to talk about what they thought importantexample of a
question asked wa$low do you make architectural decisions today@ues-
tions were added based on the answers from the respondentsieAtioned
above no recording devices were used to further ensure libatespondent
spoke as freely as possible. Two researcher were presdhirdée/iews, one
taking notes and the other one asking most of the questiofisntérviews
lasted between 50 minutes up to 100 minutes and all notesramsctibed di-
rectly after each interview to avoid any misinterpretatidithe notes made.
The interviews were anonymous and no names were printeceanahscripts.
All names of respondents were kept in a separate file to betalace back-
wards in case the data needed to be complemented in any way.

Since the first language for all respondents is Swedish t@hirews were also
held in Swedish in order not to limit the answers.

7.2.4 Data Analysis

The data was extracted from the transcribed documents legaating data

into a spreadsheet. The result from the data analysis wasgdiki of issues

and factual statements. Similar issues were grouped tegattd a high level

issue was constructed based on the low level issues. Eaehviss constructed
based on opinions from at least two respondents. A chain ioesee was

upheld by a case study database as described by [9]. All dalgsds was

done by two researchers together enabling a discussion bato interpret

the data.

7.2.5 Validation

To validate that all identified issues were relevant we madaraey. Each
respondent received a letter describing each issue. Thendsnt then placed
a mark on a line to indicate how well the described issue neat¢heir own
opinion. The line ranged from "l do not agree at all" to "I agentirely” and



50 Paper A

was 100mmlong. An example describing how the survey was designed is
shown in Figure 8.1.

Issue 3. The team responsible for architecture should be
given, or should take, a greater responsibility and should push
architectural issues more energetically.

| do not agree at all | \/ .| totally agree
A4 /\ v

Figure 7.1: Example of survey design.

The survey used for validation can also be used to investifatrespon-
dent thinks an issue is important but did not state that glesuring the in-
terview. All surveys were totally anonymous making it impibde to draw
any conclusions about how different groups or roles ansdiffierently. All
seven interviewees answered the survey suggesting thaséeethese issues
as relevant.

7.3 Results

In this section, the results of the case study are preseiftiest, we will list
the issues that were elicitated from the interviews, andugis their meaning
in some detail. Then, in the second subsection, the restittsedollow-up
survey sent to the respondents are presented.

7.3.1 Identified Issues

Based on the interviews, a number of statements were oaflegtouped, and
categorized. After abstracting from similar statement$ptal of 12 issues
were identified. These were all issues that were mentioned keast two dif-
ferent respondents. An overview of these issues and to whatthey relate
are shown in Table 7.1. The issues were the following onegigvthe issue
titles are the ones used in the survey, but have been tradstaim Swedish):

Issue 1. Several car brands share the same architecture butke dif-
ferent priority order between, for example, quality and cod.
The co-ordination of similar brands is a complex problend a@nands that
share an architecture may have different priorities. Indase of Volvo Cars,
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Table 7.1: Mapping of issues to high level attributes

Issue

Architecture

Organization

Process, Methods& Tools

Management & Business|

1. Several car brands share the same architecture but
different priority order between, for example, quality a
cost

have
ndX

X

2. There is a lack of clear strategy for what developm
should be done in-house and what should be done at ext
suppliers

ent
ernal

3. The team responsible for architecture should be giver
should take, a greater responsibility and should push ar
tectural issues more energetically

, or
chX

4. History has a large influence on architectural decisig
and is reflected both in choice of technology and in
organization

ns,
h&

5. There is a lack of clear long-term architectural strategy

6. There is a lack of method or model to evaluate the busir
value when choosing the architecture

18%5

7. Architecture decisions are often made based on experi
and gut feeling

8. The modeling tools used today demand resources and
vide little value

pro-

9. Decisions are easily made that suit one’s own tean
component

n or

10. There is a lack of process for architecture developme

niX

11. Technical parameters are regarded as less important
cost when selecting components or suppliers

tha

12. There is a lack of understanding of the electrical sys
and software at the management level

fem
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the relation to Ford appears to be complicated. Volvo as mjpira brand is
driven more by the value of the product, whereas Ford as a-masiset brand
is more focused on reducing cost. This leads to complicatiom thoughts on
what can really be shared without each brand losing its iyent

Issue 2. There is a lack of clear strategy for what developmershould
be done in-house and what should be done at external suppliger
There are different opinions on how much influence a supgheuld have.
Sometimes the competence of a supplier is not fully used.h®@mwther hand,
with too much involvement the OEM will become tied to a cartaupplier
which makes it harder to switch to a new partner should thel aeise. There
are different strategies within the Ford Motor Company. Fbed brand often
uses system suppliers whereas Volvo prefers to specifyatalsland design
certain parts of the system themselves. Many supplierstryave up the value
chain by taking a larger responsibility for the integratiinich also can create
tension.

Issue 3. The team responsible for architecture should be gan, or

should take, a greater responsibility and should push archectural issues
more energetically.
It is not clear who is responsible for driving changes in treh#ecture. Many
decisions are made bottom-up. The decisions are only mageaproblem is
present and there is a tendency to act reactively rathemttaactively. Some
respondents hinted that this situation may be due to the@gtuarganization,
where certain aspects of the architecture are the formpbresbility of one
team, and other aspects belong to another team.

Issue 4. History has a large influence on architectural decigns, and is
reflected both in choice of technology and in the organizatio.
It is easy to get stuck in a historic pattern of reasoning wimaking archi-
tectural decisions, both in terms of organization and tetdgy. There is a
resistance to change and a tendency to "do as we have alwagsttioThis
is reflected in the fact that the current E/E architecture fuadamentally de-
signed in the mid 1990s, and several of the persons involvegveloping it
are still part of the organization. Some respondents as&rf@rchitecture that
is more driven by current needs than by this legacy.

Issue 5. There is a lack of clear long-term architectural stategy.
There is a lack of clear strategy for how the architecturaukhtook in the
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future. A consequence of this is that new solutions sometiane developed
under stress with a result that does not appear satisfac@ome respondents
mentioned examples of attempts to cut cost on componemlisiteto overload
on networks and a late restructuring of the network topalogy

Issue 6. There is a lack of method or model to evaluate the busgss
value when choosing the architecture.
The connection between customer benefit and architecteciidns is hard to
make, and the understanding of the relation between thétectire and the
business is poor. A consequence is that many decisions aed lmm short-
term cost requirements rather than long term strategidsie®ne respondent
indicated that this may be due to the fact that each vehidgprmust carry
its own cost, but sometimes an investment in the architectaes not give any
benefits until later in the lifetime of the platform. A bettaodel for sharing
this kind of investment between vehicle projects is needéd. consequences
of such event-driven development is that a cheaper prodistican result in a
complex system that is costly to maintain in the long run.

Issue 7. Architecture decisions are often made based on expnce and
gut feeling.
Experience is important when it comes to understanding ttidtacture. To-
day, architectural decisions are often made by experiendédduals based on
gut feeling. There is a lack of a structured method for makirege decisions.
It is not clearly stated in the interviews that this resutigpoor architectures,
but nevertheless some respondents ask for better arguamahtatistics as a
basis for making these decisions.

Issue 8. The modeling tools used today demand resources anpide
little value.
Many aspects are missed with the tools currently used inrd@nization. The
tools focus on the functionality, but non-functional prdjes related to hard-
ware or timing are not easily captured. The use of tools is tansidered to
create extra work instead of making the job easier. One refg also men-
tions that the tools have not been "marketed" enough in thanization, and
many users have not been convinced about their benefits.qgigdon of the
tools used at Volvo Cars for E/E development can be foundGh)1

Issue 9. Decisions are easily made that suit one’s own team compo-
nent.
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Sub-optimizations are common and the result is a more conguerall solu-
tion than is necessary. Each team optimizes for their nesdithee cross-team
improvements are not discovered. "Nobody is here to builgraaverybody is
here to build their system", one respondent stated. He absiti@s situation
to a reorganization a few years back, when the vehicle piojeere deempha-
sized and the line organization was given more resportsibilihe driver for
this change was to improve commonality across vehicle lines

Issue 10. There is a lack of process for architecture developent.
There is not a clear and documented process for how the EHieature is
developed. One respondent claimed that the process doexisgtanother
that it exists but is not well known within the organization.

Issue 11. Technical parameters are regarded as less importathan
cost when selecting components or suppliers.
The price strongly drives the choice of component. The masitty depart-
ment choose the supplier and sometimes technical paravatetraded for a
lower price. This can sometimes lead to lower quality andiWare problems
for modules mounted in a harsh environment. "You get whatpaufor”, as
one respondent stated. On the other hand, the price is aarsgibte parame-
ter, whereas quality issues are often speculative at thehen the supplier
choice is made.

Issue 12. There is a lack of understanding of the electricalystem and
software at the management level.
There is generally a lack of understanding of the electegalem and software
in the organization outside the E/E department. Possibig, is due to the
fact that many managers and other staff have a mechanidadtmamd. The
understanding improves over time, but only slowly.

7.3.2 Survey

The survey served two purposes: firstly to validate thasaliés were correctly
understood and secondly to investigate whether a respotitiek an issue
was important but did not state that clearly during the witaw. Since the
respondents marked their opinion on a scale of 100 mm all arssnange from
0to 100. A boxplot with outliers and distribution is showrFigure 8.2.

The survey shows that for most issues the respondents agtabere was
disagreement in some cases. For example in Issue 8, thes;stidte modeling
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Figure 7.2: Boxplot showing responses to the survey.

tools are resource demanding and provide little value"attevers differs a lot.
One explanation of this could be that respondents belongffereht groups.
Due to the fact that all surveys were completely anonymousawot draw
any conclusions about who provided deviant replies.

7.4 Validity

An important aspect in case studies and interview studigs énsure the va-
lidity. In the literature on research methodology, seveliitierent categories
of validity are discussed. We mainly base our analysis on8{ also com-
plement it with more detailed guidelines from [11]. This &t primarily
concerns readers with extra interest in validity, and cenetfore be skipped if
no such interest exists.

7.4.1 Construct Validity

The construct validity is about ensuring that the constomabf the study actu-
ally relates to the problem stated in the research questimhthat the chosen
sources of information are relevant.

A specific threat to construct validity is the use of uncleants, and in
this study the term "architecture" is a good example. We didpnesent the
respondents with a clear definition of what we mean by archite, butinstead
asked them what they mean by it. Itis possible that some nelgas answered
the questions differently depending on their view of thisoept. On the other
hand, VCC uses the term extensively in their internal world & it were the
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case that employees view of architecture radically diffénat would be an
issue in its own right. However, even though there are somatians in the
view on architecture, we did not find any radically differepinions, which
reduces this threat to validity.

Another possible threat is that the respondents guess whpathtesis the
researchers had, and adapt their answers accordinglndiarice by exagger-
ating their opinions in an attempt to try to influence the oute of the study.
We tried to reduce this threat by using open ended questiahgiinterviews.

The analysis could also be influenced by the experimentepsaations.
The second author is employed by VCC and has a long experierbe do-
main, and therefore he did not participate in the intervieaveeduce the risk
of influencing the respondents.

A possible threat is also that respondents may be hesitaxpiess their
views if they could later be affected by their responses. rEspondents did
however not have any formal dependency on the researchéh also limits
this threat. By guaranteeing anonymity, this risk is alstuced.

7.4.2 Internal and Conclusion Validity

Internal and conclusion validity concern the possibildehsure that the actual
conclusions drawn are true. In [9], it is stated that "inggmalidity is only a
concern for causal (or explanatory) case studies". Ourstas is explorative,
and hence less sensitive to this threat. However, therdiliriesues that can
be relevant to examine.

One has to do with the selection of respondents. The grougp insthe
study is rather homogeneous in terms of personal charsiitsriand also quite
small. On the other hand, the full population (the E/E departt at VCC) is
also rather homogeneous and there is a limited number obperthat are
closely involved in the architecture work. We tried to makejresentative se-
lection by ensuring that the participants had differen¢sdh the organization.

With a small sample, there is a risk that a certain individuigh a strong
opinion can influence the result very much. We took two messtw try to
compensate for this risk. The first was to only include isshas were men-
tioned by at least two persons. The other was to validatedibetified issues
with the survey.

On the other hand, the filtering of issues can lead to the ofgask that
we missed some valid conclusions. It could be that an issuerisimportant
to the organization as a whole, but was not mentioned by nharedne person.
Therefore, based on this study we can only claim that we hawed a number
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of important issues, but not that we have found all issueven all the most
important ones.

The issue of mortality (i.e., individuals who declined tatpapate) was
not a major one in this study. Of the eight people initiallytacted, only one
was not able to be interviewed, due to scheduling diffics)tind all seven who
were interviewed also completed the survey.

Another risk is related to "fishing", i.e., that the researshconsciously
or unconsciously search for certain kinds of informatione Wed to avoid
this by having as open questions as possible in the intesyiaad by finishing
each interview by asking if the respondent felt that thers amything else that
should be brought up.

In a survey, it is important to ensure that the instrumentlusesasy to
understand for the respondents and does not cause any iconfaghe in-
terpretation. To reduce this risk, the survey was testechoeetindependent
persons before sending it to the final respondents.

7.4.3 External Validity

External validity concerns how the results can be geneliZ his is a spe-
cific concern for a case study, where it always can be disdussehat extent
the observations are particular to a certain environmeniyhtether they are
examples of general phenomenon.

The primary type of external validity is whether the conadns can be
generalized to a different organization, either within aene industry or in
an different industry. We cannot with certainty say thas ikithe case, and to
enable us to draw such conclusions further studies are deede

7.4.4 Reliability

Reliability relates to the ability of others to replicateetbtudy and arrive at
the same results. A basis for replication is to have a weludwented study
design and well structured data collection, and we belikaethis is the case
for the study presented here. Assuming that the study weneaged and
resulted in roughly the same transcripts of the intervietvasould still not
guarantee that the resulting issues would be the same. atediferent ways
of interpreting the textual material, and in some casestheuld be several
ways of relating different statements to each other rasyli a different set
of abstractions. We tried to reduce this risk by doing thelyesia by having
two people work together and discuss the structuring inildetée therefore
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believe that a replicated study would come up with very simissues, even
though the exact wording or structuring could differ.

Another question is if we would get the same results in theesarganiza-
tion if we did the study at a different time. There are sevpmasible reasons
why the outcome could become different. One is that peopl¢ tebe heavily
influenced by the latest events, and it was clear in the iren/that a few
respondents were relating to a very recent vehicle projaetathere had been
some architectural changes.

VCC has been going through a process of stepwise closeratiagwithin
Ford Motor Company over a number of years, and that has credtd of work
and discussion internally. At the time of the study, thereengpeculations
in the press that Ford might consider selling VCC, and thaiccalso have
influenced the mindset of the participants. It is hard to putlee effects of
such factors, but it is clear that a case study always memsucertain state
of affairs, and over time reality changes so that a renewedlyswill give a
slightly different result.

Also, itis expected that the organization will take noti¢¢he issues iden-
tified, and try to improve them. Thus, the study itself mayuafice the study
object in such a way that a replication at a later period iretimhard to fully
accomplish.

7.5 Suggested Actions

In this section we show how the issues we have identified caaddesssed.
Issues are grouped together and we try to identify wherettittesi OEM are
in the action tree shown in Figure 8.3. In the figure, we havekethby A,
B and C where different issues are located. The figure fughews possible
ways to take from where the organization is at the momens piissible for
the organization to move both ways in this tree. For exantpedsues con-
cerning Group B, as described below, where management teebd®ducated
to understand how software and electronics are developecdould be that
a reorganization takes place where a large part of the dumanagement is
replaced, causing Group B to move up the tree.

A: Architectural business value model.This group primarily concern is-
sues 6, 7 and 8 but secondarily also issues 3, 4 and 11. Tleigited to
the need for a method or model to see the business value othitear
tural decision. At Volvo Cars they are aware of the problerndmunot
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Action tree
forissues
Organization R Organization not
aware of issue <Th|s S0 Gl aware of issue
Organization Organization
aware unaware
of solution of solution
X Solution under
Solution not 51 mentation Solution Solution does
cost effective but result not exists not exist
satisfactory y
Do notimplement
solution due to Implementation of Find existing Develop new
strategic decision solution underway solution solution
‘ No action taken Shortterm Mid term Longterm>

Figure 7.3: Possible actions for identified issues

know how to tackle the problem yet. We recommend that moreares
is put into this area to develop better models for busineakiation.

B: Educate managementThe only issue directly connected to this group
isissue 12. Also if we can increase the understanding fromagement
on how software and electronics are developed all issuddbwidasier
to take care of. There are some ongoing activities in thia,dvat we
recommend that they should be escalated.

C: Clarify architectural responsibilities. Issues related to this group is
first of all 3 and 10. Indirectly issue 5 and 9 can be relatetiisodroup.
A process for architectural development is needed andrdifteespon-
sibilities must be made much clearer than today. We recordrtieat a
process describing different responsibilities is devetbg-urther, more
responsibility should be given to the architecture group.

Issue 1 and 2 cannot be solved within the electrical andreleictdepartment
and must be handled on a global company level.
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7.6 Conclusion & Discussion

The complexity of automotive electrical and electronicteyss is increasing
rapidly. This makes the engineering of these advanced ctanpased sys-
tems more and more difficult. In particular, finding a goodhétecture is a
prerequisite for successful design.

In this case study we have identified and validated twelvgeisghat are
related to real-world decisions regarding a car’s elegtdaad electronic system
architecture. We have shown that these issues are relewanebcannot say
that this is an exclusive set of issues when developingreleictand electrical
system architecture.

Many of the identified issues are not just technical issuéhley also relate
to management and organization. The result has been \alidigt a survey
and we can be certain that we have found issues that reflesittiaion at the
studied OEM. Also we believe that the result are generaltiergutomotive
domain. We base this last finding on informal meetings witreoOEMs but
further studies are needed to conclude whether these isands generalized
to other OEMs or not.

7.6.1 Future Work

To continue the investigation of issues that are relatedeotrécal and elec-
tronic system development we will continue with interviea¢ther automo-
tive OEM’s. Interviews have already started at an OEM develptrucks and
will continue at an OEM developing construction equipmértiis will hope-
fully give us the ability to generalize the result and getatlgsive set of issues
that are related to electrical and electronic system devednt.
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Abstract

The amount of electronics in vehicles is growing quicklygtsystems are be-
coming increasingly complex which makes the engineerinthese software
intensive systems more and more difficult. In the automanigtlastry the use of
product line architectures enables a set of vehicles teesdr@hitecture to de-
crease cost and increase quality. In this study we investlggy issues related
to real-world decisions regarding electrical and eleatrpnoduct line architec-
ture for heavy vehicles. To extract key issues a multipldangpory case study
at two heavy vehicle manufacturers was performed. We usadfsemal in-
terviews complemented with a survey to validate the resiilte contribution
of this study is 14 issues that reflect the situation at thed@ropanies. Many
of the identified issues relate to non technical areas suohgasmization, pro-
cess, methods and tools, and management. Moreover, oasiiins to deal
with these issues are discussed.
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8.1 Introduction

The automotive industry has in recent years witnessed aatianmcrease
in functionality based on electrical and electronic comgras. According to
some sources, 80% of the innovations in a vehicle come freetrelnics [1].
Many of the advances seen in the automotive industry, fdaite in areas
such as safety, emission control, comfort, and quality, lditnvave been im-
possible without the use of advanced computer-based d@ystems. Also,
electronics can be used to reduce cost, when expensive nieahaompo-
nents are replaced by cheaper electronic controllers. Mexvthere are many
challenges related to developing these systems. In thexpap present a case
study that tries to establish how two different heavy vehinbnufacturers deal
with the development of the overall electrical and eledtd&/E) system ar-
chitecture, and what important issues remain to be solved.

8.1.1 Context Description

Although the electronics has a great potential to improveoles, the systems
are becoming increasingly complex and that makes the eagimeof these
advanced computer-based systems more and more difficidtfuFictions are
in many cases safety critical, requiring special care taleany circumstances
that may possibly occur during operation. At the same tifne system has a
very long life time where only sporadic maintenance can lsamgd. The
products are mass-produced, so assembly must also be fiergréf Due to
the fact that almost all heavy vehicles are sold businessgimbss the customer
puts extra consideration in the overall profitability of gfreduct, instead of just
the cost of purchasing the vehicle. Quality attributes saglavailability and
maintainability are important factors in reaching profiiépfor this kind of
products.

Due to varying customer demands, but also due to differeyat leequire-
ments in the countries in which the products are being sothynvariants of
the product must be designed and verified. To handle thigcamelable to have
reasonable production volumes of each system, the Origigaipment Man-
ufacturers (OEMSs) usually employ a platform strategy inekhinany compo-
nents are common across a range of products. A platform mmaltyr refined
over many years, and each vehicle therefore has to cope wittxi@nsive
amount of legacy both in components and in the overall sirect

With this multiplicity of products and variants, tlaechitectureis becom-
ing very important and is a source of increasing interesttierOEMs. An
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architecture can be defined as the fundamental organizatiarsystem em-
bodied in its components, their relationships to each othret to the environ-
ment, and the principles guiding its design and evolutidn fh automotive

electronic system architecture can be described in mang waiyng different
views. A common view used is thghysical viewshowing where the different
Electronic Control Units, ECU:s, are physically placed atsb shows how
they are connected to each other via different networks pritocols such as
CAN, Flexray, MOST etc.

Another view that is important is the logical view. Thagical viewde-
scribes logical relationships and how different composeatgpend on each
other logically. The logical view is independent of the phgsview. However
there might be physical limitations that will favor a difét logical solution.

A view that is more unique for an automotive E/E architecttompared to
general software architecture is thkectrical view This view shows the elec-
trical distribution in form of cabling, fuses and power geat®n and storage.

Typically, the definition of the architecture is done eanlytie development
phase, and is a prerequisite for the detailed system deBigamefore, architec-
ture developmentis a key activity in which many importartidens are made
directly or indirectly.

Many of the vehicle manufacturers are part of larger, nuléind corpo-
rations. This means that additional complexity is generate sharing plat-
forms, architectures, and systems across several brahile still maintaining
the uniqueness of each brand. Also, much of the system dawelat is done
by suppliers, and the main responsibility of the OEM is pdiwj require-
ments and later integrating the different systems togethhis further adds
challenges to the development.

It should also be mentioned that the OEMs are very large argtans, in
which thousands of engineers are involved in the developofenew vehi-
cle. The suppliers are just as large or sometimes even ltigarthe OEM,
meaning that even more people participate in the completeqtr Since the
architecture is a basis for integration activities, it islacp where many inter-
ests meet. Therefore, organizational and managemensiaseielosely related
to the architecture development.

8.1.2 Research Question

The purpose of this study is to get a deeper understandingwfdecisions
are made when developing the electronic system of a vehiol@articular,
we would like to improve the knowledge about factors invalirea real-world
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situation, in order to be able to later provide solutiong @& realistic and
effective.

The concrete research question we address is therefortbaagsfo

What are the key issues affecting real-world decisionsmiigg a heavy
vehicle’s electrical and electronic system architecture?

With real-world we mean not only an industrial setting, blgoawhat
the people in that industrial setting consider to be the rimopbrtant issues.
Hence, itis how people perceive the current situation afgheicular company
we focus in this study.

Naturally, the answer to this research question must berd@ighe com-
panies carrying out development of electronic architexsuAlso, it cannot be
assumed that only technical issues are related to thisiqnebut also orga-
nization and management, as well as processes, methodfasadnust be
considered.

8.1.3 Related Work

The connection between the architecture and businesstivkfts often hard
to find. However, changing the business objectives will irfice areas like
organization and process. It is therefore important to tstdad these depen-
dencies between business objectives, architecture, iaegim, and processes
[3]. Amethod to visualize these dependencies are desciritjdfl The work is
related to what Van der Linden et al. discusses in [5] and iiffardnt context
in [6].

To assess an architectural approach or aid in selectingdfispachitec-
ture over another, a number of methods exist. The problemmist of these
methods is that they only consider technical aspects. @tiresiderations such
as organization, cultural issues and the political siaratit the particular com-
pany are usually ignored even if it is stated in [7] that itie® harder to deal
with these non technical factors.

To evaluate a software architecture and analyze how waliti$ $he busi-
ness drivers the Architectural Trade-off Analysis MethddAM) [8] can be
used. It has been developed for software architectures iallycconsider one
architecture. Larses suggests in [9] a combination of kayig@nalysis, simi-
lar to balanced scorecard [10], Design Structure MatrixNDD§L1] and qual-
itative reasoning resulting in a model that aids in desigrihe architecture.
Another method to evaluate an architecture is the ArchitattEvaluation
Method (AEM) [12] in which requirements are analyzed to ks quality
goals. This method is based on the ISO 9126-1 quality mo@! [the meth-
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ods described above focus only on technical parameters. tblgnedict cost
and business value for different architectures is discuss§¢l4] where cost
is added to existing UML models and together with risk analgsd proba-
bility distributions Monte Carlo simulations are used t@lze the risk of not
reaching the cost targets.

Even though many of these methods relate to industrial pros) few are
used actively in the automotive industry today. There is als or little doc-
umentation that these methods really solve today’s issuthsBAE system ar-
chitecture development. We believe that there is a needderstand what the
real issues are when developing E/E system architectuséseodeveloping a
new method or model.

Our approach is therefore to investigate how the curremadn and what
the real issues are, and as a second step focus on how to Bebesissues.
Different issues can have different solutions, where sorag mequire new
methods and models, and others could require a processehang

The contribution of this paper is therefore a number of isshat reflect
the situation at the two automotive companies. Many of tleatified issues
relate to non technical areas such as organization, praoessods and tools,
and management. Moreover, possible actions to deal witbetissues are
discussed. Although many of the issues and actions haveithestified sep-
arately in various papers for different industries, we flewa current state of
what the key issues in the automotive industry are.

Further references that are related to specific findingsisfstudy are de-
scribed in Section 8.3.

8.1.4 Overview of the Paper

In the next section, we provide more details about the stimyuding the
methodology used to answer the research question. Therctio86.3, the
results of the study are presented and analyzed. In Secdoth@ validity of
the results are discussed. Possible actions concerningchdeal with the is-
sues found are presented in Section 8.5. Finally, in Se8ti®rthe conclusions
are summarized and some directions for future researchrapeged.

8.2 Methodology

The research question was addressed with an exploratotiptaidase study.
Exploratory studies reveal answers to questions based ah tww, and why.
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As our primary source of information we used semi-struaturgerviews.
Semi-structured interviews have predetermined questiouisthe order can
vary based on the interviewer’s perception of what seemg aymsropriate
[15]. Additional questions can also be constructed durirggimterview and it
is also possible to remove questions that seem inapprepriat

8.2.1 Volvo 3P

One of the two companies involved in this study is Volvo 3P RY.3V3P is
a division within the Volvo Group responsible for producaphing, product
development, purchasing, and product range managemetitfahree truck
brands that are owned by the Volvo Group (Mack Trucks, Rerfautks and
Volvo Trucks). The developmentis focused to Gothenburgedm but some
activities are done in the United States and France. In th&ak are around
3,000 employees at V3P and the sales volume is approxin228l00 trucks
per year. The E/E department involves roughly 600 emplayees

8.2.2 \Volvo Construction Equipment

Volvo Construction Equipment (VCE) develops and manufastall kinds of
construction equipment such as; wheel loaders, excavatticulated haulers,
and graders. Responsible for the E/E system developmérg omponent di-
vision of VCE. At VCE around 16,000 people are employed and@imately
140 are directly involved with E/E development.

Although both VCE and V3P are part of the Volvo Group they Hawéed
cooperation and have their own business strategies. FWDE has different
legal requirements than V3P since VCE is to 90 % a manufactfif-road
machinery. Furthermore VCE has more product variants atttkagame time
lower sales volumes than V3P.

8.2.3 Planning and Preparation

The unit of analysis [16] for the case study was the E/E dgrabnt at the
different companies. At VCE eleven people were selectedigav3P ten. All
persons were selected by a contact in the company with éxéskisowledge
about each organization and therefore suitable to choaggewith different
roles within the company. The people interviewed includgdagect manager,
a technical leader, a senior technical advisor, a systehitact, a software
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architect, a senior manager, and a technical expert. Batipanies have a ma-
trix organization and roles from both the line and projegfamizations were
included. We believe that this selection covers all majqeass of the archi-
tecture development. After the selection was made, ingitatwere sent out
and interviews booked. None of the interviewees have aoygtformal rela-
tionship to the authors or the different contacts at eachpamy, which reduces
the risk to get insincere answers.

8.2.4 Interviews

All interviews were semi-formal and questions were askeslich a way that
the respondent was encouraged to talk about what they thaugbrtant. An
example of a question asked watow do you make architectural decisions to-
day?". Questions were added based on the answers from the respsated
there were very large differences between different inésvs regarding what
topics were discussed and how much time was spent on eachiNweacord-
ing devices were used to further ensure that the responpeke ss freely as
possible. Two researchers were present at all interviemestaking notes and
the other one asking most of the questions. All intervievsseld between 70
and 120 minutes and the average time for interviews was 100tes. All
notes were transcribed directly after each interview tachgay misinterpreta-
tion of the notes made.

The interviews were anonymous and no names were printedeotrah-
scripts. All names of respondents were kept in a separate figeilitate trace-
ability in case the data needed to be complemented in any way.

8.2.5 Data Analysis

The data was extracted from the transcribed documents legaating data
into a spreadsheet. The result from the data analysis wasgdigi of issues
and factual statements. Similar issues were grouped tegattd a high level
issue was constructed based on the low level issues. Eabhlévigl issue
was constructed based on opinions from at least two respésidA chain of
evidence was upheld by a case study database as describ@uiby¥6]. All
data analysis was done by two researchers together enaldisgussion about
how to interpret the data.
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8.2.6 Validation

To validate that all identified issues were relevant a suwag conducted.
Each respondent received a letter describing each issuerebpondent then
placed a mark on a line to indicate how well the describeckissatched their
own opinion. The line ranged from "I do not agree at all" to gree entirely”
and was 100nmlong. The reason for using a continuous scale is that we in-
tend to collect survey data from other companies and withrdirmaous scale
more powerful analysis methods can be used [17]. If the medgat considered
that he or she had insufficient knowledge about an issue,gtiero"No opin-
ion" could be marked. An example describing how the survey designed is
shown in Figure 8.1.

There is a lack of understanding of the electrical
system and software at the management level

| do not | agree No
agree atall X " totally  opinion O

Figure 8.1: Example of survey design.

The survey used for validation can also be used to investifatrespon-
dent thinks an issue is important but did not state that lglehuring the inter-
view. Out of 20 surveys sent out 17 interviewees answered.

8.3 Results

In this section, the results of the case study are preseiftiest, we will list
the issues that were elicited from the interviews, and dis¢heir meaning.
Then, in the second subsection, the results of the followwupey sent to the
respondents are presented.

Itis important to note that what we measure is the subjeatiderstanding
of the situation of the company, as perceived by people inthanization with
extensive knowledge about the architecture developmesweMer, we believe
there are good reasons to assume that this correlates vtielthvei company’s
actual performance, even though we cannot show this foymall
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8.3.1 Identified Issues

Based on the interviews, a number of statements were ceflegtouped, and
categorized. After abstracting from similar statementsial of 14 issues were
identified. These were all issues that were mentioned byaat tevo different
respondents. Below each of the 14 issues are described.

Issue 1. Several brands and products share the same architece but
have different priority order between, for example, quality and cost.
Coordination of different brands and products is a complablem. Brands
and products that share an architecture have differentifggd Some brands
focus more on cost and want to choose the cheapest alterneltile others
see more to the value that is created. This creates comphisand thoughts
around how much can be shared without the brands losingittesitity. This
issue was found at both companies. In [18] there is a disousdiout brand
identity and commonality but more from a functional pergjyec

Issue 2. There is a lack of process for architecture developemt.

There is not a clear and documented process for how the EHieature is

developed. This could be related to the fact that it is hardrfanagement to
see any real benefits from a structured architectural woiko #e architec-
ture is seldom connected to customer needs which make iehtrdnotivate

architectural development. This issue was also found dt bomnpanies. In
another interview performed by Graaf [19] focusing on cansuelectronics,
the same issue was identified. Without an architecturalga®there is a big
risk that the architecture is not documented properly wischprerequisite to
be successful in a product line architecture [20].

Issue 3. There is a lack of understanding of the electrical sfem and
software at the management level.
There is generally a lack of understanding of the electsgalem and software
in the organization outside the E/E department. Possitily,j$ due to the fact
that many managers and other staff have a mechanical baoidyrdhe un-
derstanding improves over time, but only slowly. Histollichoth companies
have strong roots in development and manufacturing of nréchbproducts
and as some interviewees stated "we are still a nuts anddmtipany”. This
issue was more predominant at VCE then at V3P. A reason fercthild be
that V3P has put a lot of effort into trying to educate manageinin software
and systems engineering. This issue is supported by [1@jgttat systems
engineering is mostly driven from a mechanical and eleatrpoint of view
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and seldom from a software perspective. In our case theragst@gineering
was driven from a mechanical view and not considering egbéware or elec-
tronics.

Issue 4. There is no clear process for handling requirements

There is no clear process for how requirements should beatetl. It is quite
common to come up with a pure "wish list" and more effort sddad made to
investigate each requirement instead of relying on guirfgelinformal con-

tacts are an important part of working with requirementstod his issue was
found at both companies. Another study [21] confirms that igsue is valid

outside the automotive industry and that there is a spe@fclfior clear prior-
itization of requirements.

Issue 5. The cooperation between product development and pduct
planning needs to be improved.
The interface between product development and produchpilgris not clear.
Product planning is spread out and is uncoordinated andeatdine time the
communication from the electronics department needs todre soordinated.
This issue was only found at V3P, and this could be heavilyeddpnt on the
background of the interviewees. Many of the in interviewae¥CE do not
have any direct contact with product planning. In [22] th@artance of coop-
eration between different departments are discussed.

Issue 6. There is no method or model for measuring and follow i of
quality problems during development.
Lack of quality is not identified until the product reaches tharket. Today,
the actual quality achieved is not seen until late in the kbgreent process.
For example, it is unclear how much a quality issue costs esatpto choos-
ing a more reliable and expensive component from the beginnthis issue
was also only found at V3P.

Issue 7. There is a lack of method or model to evaluate the busgss

value when choosing the architecture.

The connection between customer benefit and architecteciidns is hard to
make, and the understanding of the relation between thétectire and the
business is poor. A consequence is that many decisions sed ba short-term
cost requirements rather than long term strategic trendsyiVespondents in-
dicated that this may be due to the fact that each vehiclegrajust carry its
own cost, but sometimes an investment in the architectues dot give any
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benefits until later in the lifetime of the platform. A bettaodel for sharing
this kind of investment between vehicle projects is needde: consequence
of such event-driven developmentis that a cheaper prodstivan result in a
complex system that is costly to maintain in the long run.sTissue was only
found at VCE. In [23] they state that there is a need for suctehimr product
line architectures but none existing yet. This issue is abbpvalid in many
domains although it might not be possible to create a modeldhtisfies the
need for many domains. For example in [24] three approachesltie based
software reuse is suggested.

Issue 8. It is unclear how to prioritize between time, cost ad quality.
The official position at the companies is that quality is thestimportant fac-
tor but in reality it is usually time. This is due to a decisifum the start of
production date early in the development process. Theataroduction date
is often based on new legal requirements which mean thae#etldeadlines
cannot be met the number of sold units will be zero until thregalations are
fulfilled. This issue concerns prioritization of the ovéraghicle project while
issue 1 is about trade-offs in the architecture.

Issue 9. The complexity in the organization as well as the pduct has
increased which has led to a situation where the existing paesses are in-
sufficient.

Clear processes and documentation is particularly impbitiaa large organi-
zation and these areas have not been adapted in the samesptheeoagani-
zation has grown. Both organizations have grown extensiyeting the past
years, both organically and by purchasing other compahgigsecially the E/E
department at the different companies has grown and neviresgents for in-
corporating different brands and products in the same EEgm have arise.

Issue 10. Decisions are usually poorly motivated and it is hid to reach
consensus and acceptance in a decision.
Decisions are often based on gut feeling and poorly motivaiéhen a deci-
sion finally has been made it is hard to get people to accept.tidis some-
times leads to decisions being brought up again for disonssihis could be
a trust issue based on unsuccessful projects in the pastsJireewas found in
both companies.

Issue 11. Decisions are easily made that suit one’s own prajfg team
or component even though it leads to a poorer overall solutio.
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Sub-optimizations are common and sometimes lead to a manples overall
solution than necessary. Optimization is made within ooe's project or team
and does not consider the potential of a favorable overaitrapation. Each
project is supposed to carry its own cost and this means thane is prepared
to compromise in favor of commonality. Everyone thinks tb@atmonality is
good as long as "my project” doesn’t have to adapt in any wdys fielates
to Conway'’s law [25] from 1968 that says: "Any organizationigh designs a
system will inevitably produce a design whose structuredsgy of the orga-
nization’s communication structure”. This issue was oolyrfd at VCE. VCE
has an outspoken strategy that they should enhance comiy@samuch as
possible. A problem is that there are no clear directionsfrop management
how to achieve this.

Issue 12. Advanced engineering projects have low priority lad to in-
crease the priority they are merged into development projets to early.
Too little effort is put into advanced engineering projemt&arly concept and
technology development. The projects are included tooyeark delivery
project to increase the attention and priority of the prbjdtis is due to the
fact that many resources are spent in the end of the delivejgqt making the
advanced engineering projects short on resources. Thisedguncreases the
uncertainty in the delivery project. This issue was found@E. A more struc-
tured way of dealing with advanced engineering projectssaricter demands
about when an advanced engineering project should be allawa vehicle
project is needed and also it would be beneficial to try to nfova back load
to front load development. A problem is that legal requirataamight force
an advanced engineering project to be included earlienteat is preferable.
One reason that the organization usually ends up in thiatgtumight be that
old development projects cannot keep their deadlines amdharefore uti-
lizing resources that were allocated for advanced engimg@rojects. This
issues with a possible solution is discussed in [26].

Issue 13. Processes and methods are less valued then knowlednd
competence of individuals.
Today the development is highly dependent on individuats the company
rely on their knowledge. It is far from all projects that weritvhite books and
even if a white book is written, it is seldom used as input ® tiext project.
Information follows individuals and this leads to "hero bd'Sdevelopment. It

1In the white book project drawbacks and success are sungdariZhis document should
always be used as input to the next project according to thgaaies development process.
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is of course important to know what knowledge and competénegailable
inside the company but it is dangerous to rely on that thispetance can
replace processes and methods. This issue was only fourdet V

Issue 14. Prestige and rivalry complicates cooperation beieen dif-
ferent departments and business unitsThere is a mismatch between some
business units. This is to a large extent caused by the lacleaf guidelines
from management what each business unit is responsiblg&Hids.rivalry and
prestige is even clearer when it comes to higher managernaig.issue was
found at VCE and it is in particular between two divisionstttieese problems
arise. In [27] an interview study from an e-commerce sofendeveloper a
similar issue was found.

8.3.2 Survey

The survey served two purposes: firstly to validate thatsslliés were cor-
rectly understood and secondly to investigate whether goretent thinks an
issue was important but did not state that clearly duringrkerview. Since
the respondents marked their opinion on a scale of 100 mmmaiers range
from 0 to 100. Only one respondent used the "No Opinion" aittve on one
question. A boxplot with outliers and distribution is shoimrFigure 8.2.
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Figure 8.2: Boxplot showing responses to the survey.

The survey shows that for most issues the respondents agtabere was
disagreement in some cases. For example in Issue 6, thes;stathere is
no method or model for measuring and follow up of quality peofss during
development”, the answers differ a lot. One explanatiorisf ¢ould be that
respondents belong to different groups and that the regmsdhterpreted the
statement differently. A reason for the variance could la¢ the data is from
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two different companies but further analysis shows thatéason more likely
is due to different roles within each company.

8.4 \Validity

An important aspect in case studies and interview studies énsure the va-
lidity. In the literature on research methodology, sevdiférent categories of
validity are discussed. We mainly base our analysis on [df] also comple-
ment it with more detailed guidelines from [28].

8.4.1 Construct Validity

The construct validity is about ensuring that the constomabf the study actu-
ally relates to the problem stated in the research questimhthat the chosen
sources of information are relevant.

A specific threat to construct validity is the use of uncleants, and in
this study the termarchitectureis a good example. We did not present the
respondents with a clear definition of what we mean by archite, but instead
asked them what they mean by it. Itis possible that some nelgas answered
the questions differently depending on their view of whaaeshitecture is, but
since we did not find any radically different opinions thisgt is reduced.

Another possible threat is that the respondents guess whpathmesis the
researchers had, and adapt their answers accordingindiance by exagger-
ating their opinions in an attempt to try to influence the oute of the study.
We tried to reduce this threat by using open ended questiath&iinterviews.

A possible threat is also that respondents may be hesitaxiess their
views if they could later be affected by their responses. rEspondents did
however not have any formal dependency on the researchéh also limits
this threat. By guaranteeing anonymity, this risk is alshueed.

8.4.2 Internal and Conclusion Validity

Internal and conclusion validity concern the possibildehsure that the actual
conclusions drawn are true. In [16], it is stated that "inééwalidity is only a
concern for causal (or explanatory) case studies". Ourstasy is explorative,
and hence less sensitive to this threat. However, therdiliriesues that can
be relevant to examine.
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One has to do with the selection of respondents. The group insthe
study is rather homogeneous in terms of personal charsiitsti We tried to
make a representative selection by ensuring that the geantits had different
roles in the organization.

With a fairly small sample, there is a risk that a certain widlial with a
strong opinion can influence the result very much. We took mveasures to
try to compensate for this risk. The first was to only inclusuies that were
mentioned by at least two persons. The other was to valithetedentified
issues with the survey.

On the other hand, the filtering of issues can lead to the ofgask that
we missed some valid conclusions. It could be that an issuerisimportant
to the organization as a whole, but was not mentioned by nharedne person.
Therefore, based on this study we can only claim that we hawed a number
of important issues, but not that we have found all issueven all the most
important ones.

The issue of mortality (i.e., individuals who declined tatpapate) was
not a major one in this study. Of the 22 people initially camta, only two
were not able to be interviewed, due to scheduling diffiesltil7 out of the 20
that were interviewed also completed the survey.

Another risk is related to "fishing", i.e., that the researshconsciously
or unconsciously search for certain kinds of informatione Wed to avoid
this by using open-ended questions in the interviews, anfinishing each
interview by asking the respondent whether there was amy#ise that should
be discussed.

In a survey, it is important to ensure that the instrumentliusesasy to
understand for the respondents and does not cause any iconifushe inter-
pretation. To reduce this risk, the survey was similar to esed in an earlier
study, presented in [29], with similar context.

8.4.3 External Validity

External validity concerns how the results can be gene@liZThis is a spe-
cific concern for a case study, where it always can be disdussehat extent
the observations are particular to a certain environmeniyt@ther they are
examples of general phenomenon.

The primary type of external validity is whether the conadas can be
generalized to a different organization, either within saene industry or in a
different industry. Based on the literature we can say thatyrof the issues
are valid for other domains as well.
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8.4.4 Reliability

Reliability relates to the ability of others to replicateethtudy and arrive at
the same results. A basis for replication is to have a weludwented study
design and a well structured data collection, and we belilege this is the
case for the study presented here. Assuming that the study neplicated
and resulted in roughly the same transcripts of the intersj& would still not
guarantee that the resulting issues would be the same. atedifferent ways
of interpreting the textual material, and in some casestheuld be several
ways of relating different statements to each other rasyift a different set
of abstractions. We tried to reduce this risk by doing thelyaisa by having
two people work together and discuss the structuring inildetée therefore
believe that a replicated study would come up with very simiésues, even
though the exact wording or structuring could differ.

Another question is if we would get the same results in theesarganiza-
tion if we did the study at a different time. There are sevpmasible reasons
why the outcome could become different. One is that peopl¢ tebe heavily
influenced by the latest events, and it was clear in the irenvthat a few
respondents were relating to a very recent vehicle projaetathere had been
some architectural changes and turbulence.

Also, itis expected that the organization will take noti¢¢he issues iden-
tified, and try to improve them. Thus, the study itself mayuafice the study
object in such a way that a replication at a later period iretimhard to fully
accomplish.

8.5 Suggested Actions

In this section we show how the issues we have identified doeldddressed
by the companies in the future. Issues are grouped togathera try to iden-
tify where the studied OEMs are in the action tree shown infé@.3. In the
figure, we have marked A-E where different issues are located figure fur-
ther shows possible ways to take from where the organizegiatthe moment.
It is possible for the organization to move both ways in théet For example
the issues concerning Group B, as described below, wheragaament needs
to be educated to understand how software and electrorécdexeloped. It
could be that a reorganization takes place where a largeopdhnte current
management is replaced, causing Group B to move either upvan the tree.

Based on the study we propose both companies to take theviietjcac-
tions:
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/Action tree for
issues

This case study

Organization not|
aware of issue

Organization
aware of issue

Organization
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of solution

Organization
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of solution

Solution under

Solution not implementation Solution

cost effective but result not exists
satisfactory yet

Solusion
does
not exist

Do notimplement . . .
solution due to Implementation of Find existing Develop new
strategic decision solution under way solution solution
J
‘ No action taken Short term Mid term Long term

Figure 8.3: Possible actions for identified issues

A: Clarify responsibilities in the organization. Issues that relate to this
group are issue 11 and 14. Both these issues could be solveldby
ifying who is responsible for what and also focus less in tdivid-
ual projects, and more on the overall business. Instead/fgtito do
what is best for the company, everyone prioritizes the ssoé their
own project and is secondarily concerned about the sucéélss oom-
pany. To resolve this, clear guidelines from managemenhaegled,
both about responsibilities and authorities. A barriertfis is the com-
plex interdependencies between different parts both irothanization
and in the system, as described in Conway'’s law [25].

B: Educate management.The only issue directly connected to this group
is issue 3. Also if we can increase the understanding fromaig@ment
on how software and electronics are developed all issuddbwidasier
to take care of. There are some ongoing activities in thia,dvat we
recommend that they should be escalated. A possible béorietuc-
ceeding with implementing this action is that the additidrsoftware
and electronics increases the complexity of the overatesys. In [30]
it is shown that the learning cycle of managers’ breaks dowaomplex
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environments. A reason for this is the time lag between candeffect.

. Increase the use of structured decision makinglssues 6, 7, 10, 13 and
possibly 1 are connected to this group. There is a need fordehu
method that can be used to calculate the business valuelifeateiral
decisions. The problem is that the customer does not seezdny of a
new architecture although an architecture can limit fomepke, to what
extent new features can be added. Also decisions in germraéming
the E/E system have to be improved. We suggest that a busiakss
model is developed and an increased use of structured diecisking.
Creating academic models is one thing, but creating modielswill
work in industry usually something else. We believe thatdbal of
these models has to be effectiveness and efficiency ratheifticusing
on optimal decisions. A problem with such model is that itti8 kard
to value quality attributes against for example cost ane timmarket.
What is the actual benefit by for example achieving flexipilitour sys-
tem? The models we are seeking is models that can provide saloe
driven evaluation of quality attributes in the architeetuAn attempt to
achieve such model is the Cost Benefit Analysis Method (CBf34],
but the method does not appear to have gained any signifiogatcit in
the automotive industry.

: Improve the architecture development processThis group concerns
primarily issue 2, 4, 9 and possibly 14. There are some fueddamh
processes that are missing. For example there is formalproxess for
architectural development at any of the companies. The faetew
processes has increased as both organizations have grawrnatthe
last years. We suggest that a process for architecturalafewent is
developed. Complications for improving the architectyralcess could
be the lack of understanding of the E/E system from managemnemhy
this is important and hence lack of willingness to contréésources.
This process will most likely include methods for structligecision
making as described in Action C and it also describes wheimia the
organizations will deliver according to their responsilgs (Action A).

. Clarify development strategies.Issue 8 and 12 relate to this group. To-
day it is unclear how to prioritize between, time, cost andligy Also
the advanced engineering needs to be more separated froahasticle
projects. We suggest that advanced engineering projestsraritized
and also that the consequences of removing resources aridgram+
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vanced engineering projects into vehicle projects tooyeamt clearly
shown. A barrier could be that there is a tradition in thesaganies to
prioritize work with earliest deadline first. A possible wimycope with
front-loading of projects is suggested in [26].

The only issue that is not included in the suggested actieasribed above is
issue 5. It is not directly connected to the scope of thisystut the prob-
lem is not directly connected to the E/E system developnidotvever, if the
background to this issue is that product planning does nd¢rstand how to
communicate requirements to the E/E department it couldabteop group B.

8.6 Conclusion & Discussion

The complexity of automotive electrical and electronictsgss is increasing
rapidly. This makes the engineering of these advanced ctanpased sys-
tems more and more difficult. In particular, finding a goodhétecture is a
prerequisite for successful design.

In this case study we have identified and validated 14 ishuaste related
to real-world decisions regarding heavy vehiclest eleatrand electronic sys-
tem architecture. We have shown that these issues are melaviawe cannot
say that this is an exclusive set of issues when developewrehic and elec-
trical system architecture. We believe that the method is®abll suited for
this type of research.

Many of the identified issues are not just technical issuéhley also relate
to management and organization. The results have beemtedithy a survey
and we can be certain that we have found issues that reflesittiation at the
studied OEM. Also we believe that the results are generahf®rautomotive
domain. We believe the results of our work is common withia dutomotive
industry because of informal meetings with personnel ofammpetitors and
another study at a different OEM described in [29].

8.6.1 Future Work

To continue the investigation of issues that are relateddctrical and elec-
tronic system development we will continue with a comparisbissues col-
lected at three different automotive OEMSs. It would alsorteriesting to see
how different roles relate to the different issues, i.e.sitriost likely that a
manager and a programmer will not have the same opinion aijmattactually
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is an issue. This study mostly enlightens the problems tkiat ®mday, and as
a natural next step we will start to sort out how to solve thssees.
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Abstract

In this paper we present a new method for making decisionstaglation
strategy for in-vehicle automotive systems. We describgtioblem of choos-
ing integration strategy and we describe the method, wisieltiombination of
the Architecture Tradeoff Analysis Method, ATAM, and thealytical Hierar-
chy Process, AHP. We exemplify the use of the proposed méthestaluating
the integration decisions concerning the physical conmedf a realistic ex-
ample system; a computer controlled automatic gearbox. Nsept analysis
on the use of the method and conclude that the method hasakbesrefits
compared to ATAM or AHP used individually. The method firssiypports a
structured way of listing system goals, and secondly, @ algpports the mak-
ing of design decisions.
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9.1 Introduction

Design of automotive in-vehicle electronic systems is dlehge for Original

Equipment Manufacturers, OEMs, due to a large set of funaticequirements
and stringent quality goals. The system is required to deiig many functions
in a dependable and safe manner, and product costs are tptdeweThe sys-
tem must fulfil business and life-cycle goals such as beimgpk to maintain,
service, and produce. The resulting system architectuséies complex and
system architecture design is a process with many staketsol®ne way of
reasoning around architectural choices is to estimatetyuatributes of the
envisioned system and then try to quantify the impact oedéft choices.

9.1.1 Integration in Automotive Products

Design of automotive in-vehicle electronic systems inekigbining together
or integrating functionality developed by several orgatians. These sub-
systems can be purchased off-the-shelf from a supplier weldeed specifi-
cally for its purpose by the OEM or the supplier, or a combaraof the two.
Functionality for sub-systems can be pure software likertlgms or it can be
offered with hardware including computer nodes, sensatsiagors, connec-
tors, etc. Integrating an electronic subsystem is the effanaking it conform
to the decided architecture. Thus the integration is carexemith finding
a design solution so that the component comply with, e.ggrdiatic strategy,
system state management and fault handling. More pregistdgration could
mean developing glue code or gateway functionality or ildonean to spec-
ify to a component supplier the system functionality to vihihe component
must conform.

9.1.2 Problem Description

OEMs often develop architectural guidelines based on teatbqualities and
integration solutions should conform to these guideli®tl.integration is dif-

ficult. Either guidelines are too rigorous and need to be,lmrguidelines are
too vague and fail to aid in design. Integration design, #ikehitecture design,
aims at finding a solution that meet many requirements fromynstéakehold-
ers. This means that the system should not only be designprbtide its

main function, but also to meet other requirements. For gtanit is desired
by the safety team that the system is feasible enough to zeaynd the ser-
vice people wish for diagnostic functionality to cover adigsible faults. Thus,
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the problem in integration is partly to know the various riegents and their
importance, and partly to know what design is best suited.

9.1.3 Our Proposed Method

Our goal is to make the impact of integration decisions \gsib terms of the
desired properties of the system. Further we want to evaldiffierent inte-
gration strategies to find the one that best support theatkgualities of the
product in its life cycle. In order to evaluate success ofedént integration
strategies we need some criteria on how to decide what isdbim

The approach of this work is to use scenarios from the Archite Trade-
off Analysis Method, ATAM [1], and analyze them with the Agttal Hierar-
chy Process ,AHP [2], to evaluate different integratioateigies in the context
of an automotive electronic system. Major research existsath ATAM and
AHP and both methods are quite commonly used [3, 4, 5].

The contribution of this work is the proposed method thatlsim@s ATAM
and AHP, enabling structured reasoning and decision maléitgough both
methods are commonly used, still, there is to our knowledgsuggestion on
how the two methods may be combined even if the possibilitpéntioned
by [6]. The method is applied to and intended for the conté&xdutomotive
software and electronic systems, and more specifically ypéydito the deci-
sion making in choosing integration strategies. Althoughk paper focus on
a limited number of integration strategies we believe the&n be used for all
kind of integration strategies as well as other architedtdecisions.

To demonstrate our approach we use an example concernaggatipn of
a gearbox for construction equipment vehicles such as rRuibeel loaders,
and excavators. The example is simplified but has realigécifications.

The rest of the paper is organized as follows. Section 2dhires vehicle
electronic systems. The properties of a vehicle electrsystem is outlined in
Section 2.1 and the four different integration strategiegpaesented in Section
2.2. We introduce a gearbox example in Section 2.3. Sectides8ribes the
proposed method. In Section 4 we provide a theoretical lalistee example
of how the method will work. In Section 5 we analyze the meth®dction 6
concludes the paper.
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9.2 \Vehicle Electronic Systems

In this section we present the context of automotive in-sleheélectronic sys-

tems. Further, we describe the notion of integration sgieseand we provide a
theoretic example of an automotive electronic system gredrfor integration

based on previous studies.

9.2.1 General Properties

Automotive electronic systems are safety critical, reaktisystems embedded
in mechatronic components. The functions in an automotalgcke include
control of the engine and drive train, driver interface, parssion, comfort
functions such as climate control, and audio/video systeBesides the user
functionality of the vehicle, there are numerous functimssde a vehicle that
supports the production and service operations in theyiidecof the product
such as diagnostics and test. Sometimes the system andbhaiity is de-
scribed as partitioned into subdomains, such as, powertrady, chassis, and
infotainment. The implementation of the functionality iondtemporary vehi-
cles includes distributed computers with I/O to sensorsagtdators. Wiring
is substantial and bundled in cable harnesses. Contraladtis often con-
structed using a dataflow model and communication is oftsedban the CAN
protocol.

In-vehicle computer systems are often labeled electrorstesns in auto-
motive applications. Automotive electronics thus inclsiééectronic hardware
such as sensors, actuators, Electronic Control Units (BCAssl wiring, but
also the software. The reason for using this term may be ts=dependency
of software and hardware in many automotive applicationsr ifstance, a
braking application is very tightly bound to the hardwareviich it is tested
and developed. A change of sensors or other hardware comizoinesuch
an application would likely generate a change of softwanefionality. In the
following we use the term electronic system to refer to th@glete in-vehicle
computer system including both software and hardware.

9.2.2 Integration Strategies

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

Decisions on integration strategy will affect the qualityt@ome and life-
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cycle cost of not only the electronic system, but the conepleticle. Integrat-
ing supplier electronics in automotive networks is chalieg because several
qualities are pursued simultaneously, much like in archite design.

An integration strategy provides answers to questions @anehcomponent
will be made to fit into system wide schemes and principleis. the design of
interfaces and semantics of interaction between comp@mehsystem. There
may be several schemes to follow such as diagnostic signééinlt handling,
and state management. The component and its function camiggto ways of
interacting that are not covered by the decided systemiptéscand schemes.
An example is a mechatronic brake with many fault statesehah affect the
system state differently. Such issues are included in tiegiation strategy.

Network topology decisions is part of the integration &gyt To describe
the method of evaluating integration strategies we focusoana function is to
interface the system. The four alternatives we considérigngaper are shown
in Figure 9.1 and are explained in the list below.

1
/ I OEM ECU1 13
I
|
I

Communication bus

Figure 9.1:Four choices in integration strategy

I11. New ECU connected directly on a system bus.
I12. New ECU connected via a gateway.
I13. Application software component located in existing ECU

14. New ECU stand alone - not connected to a bus.
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9.2.3 Example: Gearbox

Thus, new ECUs contains both a new software functionality arsoftware

environment including operating system, device drivers] possibly more.
Integration strategy 13 on the other hand involves only thiéwsare function

without surrounding infrastructure. Based on a previoudybf three cases
of real-life mechatronic integration [7], we have develd@etheoretical but
realistic example of a component intended for integratioam automotive
application. The example consists of a mechanical gearlithxanfitted ECU

that controls the operation of the automatic gear shiftirigrided for use in a
construction equipment vehicle.

The ECU is equipped with the following interfaces:

e A CAN interface
e J1939 8]
e A serial interface with a proprietary protocol for diagriost

The gearbox application is dependent on signals that destiie gear lever
position, engine speed, vehicle speed, and drive mode. gpleation must

be able to control engine speed for short periods of timendugiearshifting.

There are timing requirements on the control messagesicateeriodicity,

and jitter are specified. The application also has a numbenrof states where
gearshifting is not possible.

9.3 The Method Explained

ATAM is a method for identifying important design decisicgaisd show how
they tradeoff against each other in software architectubetP is a multi cri-

teria analysis method. By combining the two methods we cansasnarios
produced by ATAM as input to AHP and carry out a robust evatueadf both

scenarios and how well an integration strategy fits a cedeémario. In this
section, we briefly summarize the original methods and tkeemment on how
we combine them for decision support in an automotive BldfElectronic
architecture.

9.3.1 ATAM

The goal of ATAM is to assess the consequences of architdalecisions in
the light of quality attribute requirements [1]. Typicatlyere exist competing
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quality attributes such as modifiability, security, rellap and maintainability
that different stakeholders consider to be the most imptrtdhese quality
attributes are broken down into scenarios. ATAM is dividetbinine steps.
These steps involve eliciting a utility tree and identifyirisks, sensitivity and
tradeoff points.

In our approach we only consider some of the steps in ATAM dans i
mostly how the scenarios in the utility tree are generatatlithof relevance in
the proposed method. The complete description on ATAM cdotued in [1].

9.3.2 AHP

The Analytic Hierarchy Process (AHP) is a multi-criteriactéon making ap-
proach in which factors are arranged in a hierarchic stredj. In AHP all

element are compared against each other which yield a roesisit but also
time consuming due to the large number of comparisons. Hitsrege com-
pared according to Table 9.1. In this paper we use an AHPexkEbproach

Table 9.1: Element comparison
Scale Importance
Equal importance
Moderate importance of one over another
Essential or strong importance
Very strong importance
Extreme importance
,6 Intermediate values

ol ~| o w| -

2:

called Chainwise Paired Comparison (CPC) [9]. CPC only iregithe same
amount of comparisons as the number of elements. Howeveothgstency
needs to be validated to ensure the same result as with AHPCRC algo-
rithm is shown in Table 9.2 which is adapted from Table 1 in [9]

We are interested in for elements finding the weight’;. Since it is diffi-
cult to estimate this weight directly, we instead ask thasiec maker for the
ratio R; between two successive elements as shown in Equation 9.1.

Wi .
W 1=1.n—1

R, = i+ 9.1
a . (9.1)
— t=n
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Table 9.2:Algorithms used in chainwise paired comparison

i R; D; R; M; Vi

1| W | D 2! Ry - M. A
W2 I R - My S M,
W- D B, M.

2 | w2 Dy | — H = Ry - Ms D 7

W, _ D, _ B, My, _
n_l n—1 Dn71 n—1 Rnfl 'M'n, n—1

W n H D; Z M,
Wa Dy My,
n| w D, ~ Hﬂ ) 1 D 72

D, represents the estimated value of the ratjolIf the estimate is perfect then
Equation 9.2 is true, meaning that the estimates are censist

ﬁ D;=1 (9.2)
j=1

Full consistency can be hard to achieve in practice with nfactprs to chain-
wise compare. To compensate for this inconsistency we ctargpnew esti-
mated ratio R;, with Equation 9.3R; is by definition a consistent estimation,
fulfilling Equation 9.2.

Ri=——t (9.3)

Assume that\/; representV,; /W,, and sinceR; is an estimate of?;, M; can
now be computed recursively with equation 9.4.

(9.4)

M; = R; - My
M, =1
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We now have a weighted list of elements. To make values caatbpsato each
other we normalize the weights with Equation 9.5.

y, = M (9.5)

> M;
j=1

9.3.3 The Proposed Method

We have devised a method, based on a combination of ATAM anB, At
allow us to find the best choice out of a number of possiblegissiThe basic
steps in the method are shown below, and later exemplifidd mwire 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 stakeholdersUsing some of the basic steps
of ATAM, a list of scenarios is extracted. Each scenario espnts an impor-
tant aspect of the system that is desired in order to achiége@d" system.
What constitutes a good system depends on who you ask, areddies the
ATAM stipulates to involve many stakeholders that has iedés in the systems
life cycle as well as experienced system architects. Theasaes that come
from this elicitation can be grouped in a tree structureechdl utility tree, and
in this way the scenarios can be shown to belong to a certailitgattribute
such as reliability. This work involves interviews and wsihkps and can be
substantial. However, the resulting set of scenarios isneigé characteriza-
tion of the system requirements in terms of qualities. Thusnot only usable
for a particular decision. As the life cycle of an automofiveduct is different
for different companies, it seems unrealistic to elicit agral utility tree even
for a certain kind of vehicle. The generality of the scenaitlikely confined
to the company and possibly to the type of vehicle, e.g., dvainor sports
car. The ATAM stipulates a procedure for prioritizing sceosiand this can be
used to shorten the possibly long list of scenarios.

Rate importance of scenarios A more formal prioritization and weight-
ing of scenarios can be made by employing the AHP proceduoep@ring
each scenario to all others to get a weighting is possibldtandost accurate
method for AHP prioritization. Since the number of compansrequired with
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AHP aren(n — 1)/2 we get, even with a small set of scenarios an extensive
list of comparisons. We instead propose to use chainwiseghabmparison as
shown in [9], to reduce the number of comparisons tdChainwise compari-
son is made by comparing the first scenario with the folloviintpe list. This
is continued for all scenarios and finally the last scenarioompared to the
first to get a "chain". Each comparison is made using the AHEhatkscores
that are shown in Table 9.1. This procedure yields a weight¢éah scenario
that corresponds to the importance of that scenario.

Assess scenario fulfilment of each design choicklere, we have to have
a number of defined design choices. For each design choiedfilmént is
estimated of each scenario i.e. it should be estimated hdiveaeh design
choice meets each scenario. For instance a simple desigrsenay high on
a scenario requesting ease of safety analysis. More inldesah design de-
cision is compared to another in chainwise manner until alehbeen visited
and the last compared to the first. What this gives us, aftelP fdrescribed
calculations, is a weight for each design decision. The teigrresponds to
how well that design meets the selected scenario. So, fdraf &sur defined
design alternatives and 16 scenarios, we get a sum=0f6 weights. The
final step in finding the best solution is then calculated bpgishe weight
(importance) of each scenario. Now, we know the "goodnek#ieodesign
choice with respect to each scenario, and we also know thertarpce of each
scenario. We add up the product of scenario weight and desigice weight
for all scenarios. This number corresponds to how much fiofiit of all the
scenarios that this particular design decision has, arghtiethave comparable
numbers for the set of design decisions. This final step iganéral, but the
estimations of fulfilment must be made for a certain automeqtiroduct, for a
certain component to be integrated.

9.4 Using the Method

In this section we explain how the method can be used. Thégrdrom the
example in Section 9.2.3 is to be integrated with one of tlwe flifferent inte-
gration strategies explained in Section 9.2.2.

The ATAM proposes that this elicitation is done in two wor&phk includ-
ing all key personnel. For practical reasons, we have deyiom the stipu-
lated workshop format and elicited a utility tree based aumr faterview ses-
sions with only two experts individually. First we use intiew results from
previous work on quality attributes in automotive electesrand software sys-
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tems [10][11]. We use these results to construct an initidityutree which
is then used to guide another round of interviews. This royiafils a set of
scenarios that we use in our following theoretical example.

9.4.1 Scenarios

ATAM states that "A scenario is a short statement descrilaimgnteraction
of one of the stakeholders with the system". Here we list ttemarios that
we elicited from the interviews with architects and prodsigecialists. The
respondents described the business situation relatecchoceality attribute.
This list is not at all a complete list of scenarios that sddag considered but
for explaining the method we find it sufficient. In order toraxt a complete
list, we would like to include all stakeholders and alsoyfultilize the work-
shop format proposed in ATAM.

Below is the list of scenarios that where elicited from thieiviews cate-
gorized under their main utility.

Safety

S1. A safety related function experiences a fault and thésdmt lead to an
unsafe state of the system

S2. The system experiences a fault and each safety relatetidn can re-
duce functionality according to a system wide policy

S3. Each safety related function does not add any non realoleeunsafe
states (e.g. loss of steering is difficult to recover safedyr)

S4. Safety analysis is performed and the logics of eachysedigted func-
tion is visible for inspection

Reliability

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

S6. A fault occurs and fault tolerant design upholds systemation
S7. Minimum number of connectors wanted
S8. Testable design wanted

S9. Simpleness preferred
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S10. Fault diagnosis desired
Madifiability

S11. Afunction is to be reused in a new vehicle project andystem func-
tionality partitioning is different

S12. Afunctionisto be reused in a new vehicle project anfédiht 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 systemis 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

9.4.2 Perioritizing the Scenarios with Chainwise Paired Com
parison

Here the 16 scenarios are prioritized with CPC. In this eXamg assume
that the 16 scenarios elicited from the interviews are thetrimoportant ones.
Asking the full set of stakeholders the number of scenarmgd-have been
significantly larger. The lowest prioritized scenarios Vebthen be discarded
as not important enough to affect the choice of integraticstegy. In Table
9.3 the scenarios are chainwised compared. It is only theevd} that is
manually estimated according to Table 9.1 in Section 9.8IRother values
are calculated with the equations in Table 912. is the calculated priority.
In this theoretical gearbox examp#g is considered to be the most important
scenario and will therefore have higher impact when intégmastrategy is
chosen.

As explained in Section 9.3.2 we need to check if the systesonsistent.
In this example the consistency is calculated to 98%. Talng 3] shows that
for 16 elements the consistency needs to be at least 95.7¢hdatata to be
valid.
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Table 9.3:Scenarios prioritized with chainwise paired comparison

i R; D; I; R; M; Vi
1| S./Sy | 2 | 2,915 | 2,048] 3,907 0,090
2 | S»/S; | % | 0,292 | 0,205| 1,908 0,044
3| S3/8, | 1 | 1,458 | 1,024| 9,318 0,213
4 | S,/Ss | 7 | 10,204| 7,167 | 9,101 | 0,208
5| S5/S¢ | 2 | 0,583 | 0,410| 1,270 0,029
6 | S¢/S; | 7 | 10,204| 7,167 3,101| 0,071
7| S;/Ss | 1 | 0,486 | 0,341| 0,433| 0,010
8 | Sg/So % 0,486 | 0,341 | 1,268 | 0,029
9 | So/Sio | 1 | 1,458 | 1,024| 3,715| 0,085
10 | Si9/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 | 0,437 | 0,307| 0,563| 0,013
14 | S14/S15 | 7 | 10,204| 7,167 | 1,834 | 0,042
15 | S15/S16 | = | 0,364 | 0,256 | 0,256 | 0,006
16 | Si6/S % 0,125 | 0,239 1,000 | 0,023
Table 9.4:Scenario S8

[ R; D; I; R; M; Vi

1| I,/I; | 2 | 2,400] 2,093 2,866 | 0,274
2| L/I; | 1 ]0300f0,262| 1,369 0,131
3| I3/I, | 5 |6,000]|5.233]|5,233| 0,500
4|1,/ | 1 |0,400]| 0,349 1,000 | 0,096

9.4.3 Weighting Scenarios Against an Integration Strategy

Each scenario is now weighted against the four differeegrgtion strategies.
After this comparison we have a prioritized list of all sceagand also one list
per scenario showing how well each integration strategytsnibe particular
scenario. Displayed in Table 9.4 is how well scenakja@orrespond to each of
the four integration strategies. The final analysis is donading the weight
V; of each scenario and multiply it with the weight of how welisitsupported
by each integration strategy. This is shown in Table 9.5. ifitegration that
seems to be most suitable in the gearbox example is integrstiiategy/s.
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Table 9.5:Decision matrix

I I I3 1y
Sy 0,090| 0,077 | 0,154| 0,077 | 0,692
So 0,044 0,321 0,321| 0,321 | 0,036
Ss 0,213 0,370| 0,185| 0,370| 0,074
Sy 0,208| 0,067 | 0,081| 0,686 | 0,166
Ss 0,029| 0,125 0,125 0,625| 0,125
Se 0,071| 0,286 | 0,143| 0,429 | 0,143
S7 0,010 0,227| 0,160| 0,453 | 0,160
Ss 0,029 | 0,274| 0,131 | 0,500 0,096
So 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
S1s 0,013 0,113 0,126 | 0,556 | 0,205
S14 0,042 | 0,286 | 0,143 | 0,286 | 0,286
S1s 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
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9.5 Analysis

The goal of this work is to find a feasible method that can bel irs@ractical
cases of decision making in the context of integration obangtive electron-
ics.

9.5.1 The Method Compared to AHP and ATAM

The method does provide a structured way of using expert latye to make
decisions in design of automotive electronics and possitdyy other areas.
Like ATAM recognizes, the difficulties in making decisionemms from the
complexity where many stakeholders have different goalsaMATAM lacks
is the actual support for decision making. ATAM is insteaended to identify
sensitive design points in the system, but choosing a dedtgmative must
be done by other means. AHP on the other hand is a method figialec
making with multiple criteria, but lacks a structured waylisfing the criteria.
Thus, using the concept of scenarios and utility trees fr@AM as input to
an AHP process gives us a method that includes both benefitsip&red to
using ATAM alone, the combined method supports decisioninggdnd should
still have the benefits that has been reported with ATAM. Quehsmportant
benefit is that stakeholders get to reason about qualitiégtair fulfilment.
Thus, compared to using AHP alone, we will get both a stredtorrthe criteria
and likely also the benefit of stakeholder involvement andmmwinication.

9.5.2 Methods Pros and Cons

One of the main problems with multi criteria decisions is talfout the rela-
tive importance of each goal. To investigate this, a numbestmates must
be made by experts. It is much desired to keep the numberiofa&ins low
to get a feasible method. The AHP method prescribes congarid estimat-
ing the relative importance of each criteria against alegthnd thus having a
matrix of estimations to perform with(n — 1)/2 estimations. For weighting
the importance of the scenarios, we chose to perform cha@gmpaired compar-
ison that reduces the number of comparisons.tdt should be noted though
that the weighting of scenarios is something that can beetbfoy other deci-
sions. A large effort in weighting scenarios could be acegfftthere are many
decisions to make.

e Flexible and scalable As we progress through the method we can
choose to employ more or less rigorous comparisons depgodirtthe
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importance of the design decision. For instance it may bfigcs to
employ the full comparison scheme as opposed to the chanifize
would want to integrate a new engine system with high impaaystem
behaviour. Likewise we can choose to have a high number obsies
if the decision is judged very important.

e Feedback on accuracy The AHP calculations produce a measure of
consistency for the estimations made by the experts. Thaih,ib the
second and third step we will get feedback on whether theieies
have been successful. If the consistency is too low, we ciead decide
to redo some of the importance assessments.

e The method has some support for answering whyAn important issue
when designing systems is to have an understanding by alvied why
a certain design has been chosen. If the "why" is clearly tstded, we
run a low risk that the decision is overrun by a new decisibis. dlearly
visible in the AHP process how the relative importance messhave
been estimated. This would likely aid in the effort of explag why
decisions have been made.

9.6 Conclusions

In this paper, we have presented a new method for makingidesisn inte-
gration strategy for in-vehicle automotive systems. Thehoe is based on
a combination of the Architecture Tradeoff Analysis Meth&d@AM, and the
Analytical Hierarchy Process, AHP. We have described ththatkin detall
and exemplified its use with a theoretical but realistic epkenof an electronic
controlled gearbox that is to be integrated into an in-vieteétectronic system.
Analyzing the method and the example, we have shown that #tbod is
usable and has benefits compared to either ATAM or AHP usadidhully.
Like ATAM, this method provides a way for stakeholders tos@aabout sys-
tem qualities, but it does not stop at identifying importdesign points. Com-
pared to using ATAM alone, our combined method supportssitatimaking
and should still have the benefits that has been reporteddTAM. One such
important benefit is that stakeholders get to reason abalitigs and their ful-
filment. Thus, compared to using AHP alone, we will get botlracsure for
the criteria and likely also the benefit of stakeholder imeohent and commu-
nication.

In analyzing the method and the example, we have also shoatrthh
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method seems feasible and that it supports some desiredrfiesp Firstly, it
is scalable in effort to compensate for more or less cru@eigions. Secondly,
we show that it provides feedback on the quality of the egeémaThirdly, the
method does provide some documentation as to why a decia®hden made
and this possibly helps in understanding and communicaystem design
among stakeholders.
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