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Abstract 

Dealing properly with electronics will be a strong competitive advantage in the automotive sector in 
the near future. Electronics are driving current innovations but are at the same time becoming a larger 
part of the cost of the vehicle. In order to be successful, innovations must be introduced in the vehicle 
without compromising the final price tag. Also, the electronics have to compete with, and win over, 
the dependability of well known and proven mechanical solutions. 

A problem with automotive electronics is that the approach within industry is to manage electronics in 
the same way as mechanical components with well defined boundaries and properties. With the 
freedom introduced by software new ways to manage the design process are necessary, components 
may interact differently depending on the context and have hidden behavior exposed only at rare 
occasions. The system design must be performed more explicitly; it is not enough to rely on well 
defined boundaries and interfaces. The content and behavior of interacting components must be 
designed, analyzed and verified in the design process. 

For future success, by-wire systems must handle the integration of internal systems with a high degree 
of complexity and increased dependencies between parts. This must be performed in line with a 
stronger agenda of cost and dependability, where the dependability of internal integration should focus 
on safety, reliability and maintainability. This thesis provides a comprehensive background on this 
topic through the first two appended reports. 

As a support for new ways to deal with system design the Monty model for system engineering is 
proposed in the third appended report. The Monty model structures the need for modeling efforts in a 
general systems framework and also indicates related activities in the design process. Modeling is a 
supporting technique that should improve cost-efficient dependability, but the modeling must be 
accompanied by an extended reuse of designs. Modeling can be applied formally or tacitly. In order to 
support modeling and design of either type the Monty model can be used. The Monty model 
underlines the types of models necessary at different design stages and suggests a way to separate 
design stages in the design process. At every stage, it is necessary to have linked models of the 
function, the implementation and the environment of the system. Related activities to manage this 
work are also necessary. 

In future work, building on the ideas of the Monty model, the goal is to find a structured approach to 
master the art of system design and improve the engineering of dependable and cost efficient drive-by-
wire architectures. 
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1 The Automotive Challenge 

The driver is about to be challenged in the role as the commander of his vessel, a modern 
vehicle is no longer a mechanical slave. Cars and trucks are entering the age of computers and 
are equipped with intelligent embedded control systems. New functions are utilizing the 
intelligence to achieve autonomy; for better or for worse? Only proper engineering can tell! 

The benefits of electronics and computers for automotive control were recognized early. Anti-
lock braking systems (ABS) were conceptually ready for implementation in embedded control 
in the early 70s but at that time the available processor technology could not cope with the 
requirements on performance and real-time behavior. ABS brakes had to wait until 1978 for 
microcontrollers powerful enough. The commercial mass-production was first achieved with 
a design from Bosch, enabling a world debut in the market launch of ABS in Mercedes-Benz 
S-class (116 series). 

By the 90s, networks had been introduced as a part of automotive electronics architectures. 
Systems contained several networked microcontrollers. The network architectures were 
developed organically bottom up, adding a new control unit for every new function 
introduced. As a consequence the number of electrical control units (ECU) increased rapidly. 
The Mercedes S-class from 1991 included more than 50 ECUs and more than 3 km of wiring. 
(Hofmann & Thurner 2001).  

Innovations in the automotive industry today are strongly related to electronics. 80-90 % of 
new functions are electronics based (Steiner & Schmidt 2001). The production cost portion of 
electronics in a vehicle has been constantly increasing, from less than 5% in 1975 to 20-30% 
in a regular vehicle today and even more in luxury cars (Teepe, Remboski & Baker 2002). 
The cost of electronics in the total cost of the vehicle is 10-20% today and it is expected to be 
over 30% in 2009 (George & Wang 2002). With this background a need for cost-efficient and 
structured development methods can be identified. The organic development method is 
impossible to sustain with a constantly increasing number of functions. 

Another important requirement for automotive systems is the need for low cost solutions. The 
automotive markets, both for cars, heavy trucks and buses are highly competitive. Customers 
expect more from each new model and at the same time expect to pay less. To meet these 
requirements, automotive manufacturers must be efficient in all parts of the value chain and 
build architectures that have cost benefits in several aspects. It is not possible to isolate 
production, development or maintenance costs to achieve overall cost-efficiency. 

Further, automotive systems are used in an environment where system failures or unexpected 
behavior causes accidents where human lives, as well as large monetary values are threatened. 
Such systems are usually referred to as safety-critical. The design of safety-critical systems 
requires careful attention to ensure that the risks associated with the system are kept to a 
minimum. Furthermore, sometimes lives depend on the reliable delivery of service of a car, 
bus or truck. Ambulances and fire fighting vehicles must be operating efficiently and reliably. 
If computers and electronics are introduced for embedded control the quality of traditional 
information systems is not good enough. Vehicle control systems must be more dependable 
than the standard office PC or information server. It is not satisfactory (nor safe) if a screen or 
voice signal informs you (as IT systems tend to do): 
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“The vehicle operating system has encountered an unexpected error, the car will now 
restart. Sorry for the inconvenience.” 

This information is even less encouraging for the driver of a 60-ton truck and trailer, running 
at 90 km/h on a heavily trafficked highway. The conclusion is clear: Automotive systems 
require cost-efficient and dependable electronics. 

1.1 CODEX project purpose and goals 
This thesis has been written as part of the CODEX (COst efficient and DEpendable X-by wire 
systems) project, a collaborative effort between Scania and KTH. The purpose of the research 
in the CODEX project is to find a dependable and cost-effective x-by-wire system 
architecture for safety critical applications in heavy trucks. The work is motivated by the 
increased reliance on electronics for automotive applications in combination with the industry 
specific requirements for cost and dependability. (Törngren et al 2001) 

The work is aiming at different objectives over time. In the early phases of the project a 
general understanding of available by-wire systems has been in focus. Then the goal has 
shifted to understand common features of systems and how different features together with 
design methods influence dependability and cost. In the long term, the objective is to find 
guidelines to make well-informed decisions between alternative solutions and design 
methods. 

The purpose of the work can be illustrated by posing a set of research questions targeting a 
dependable and cost-efficient architecture design. The platform for the work should be based 
on the state of practice, for this reason it is useful to make an inventory of current efforts:  

1. What by-wire systems exist today and what techniques and technologies are utilized? 

Based on the inventory platform, common properties and alternative by-wire architectural 
solutions can be sought. Also, the influence of methods utilized in the design process is 
important to consider by recognizing alternative design methods: 

2. What are the architectural options? By what methods are they designed? 

Recognizing a set of alternatives both for solutions and design methods these alternatives can 
be evaluated. As the target for the work within the CODEX project is cost-efficiency and 
dependability, these will be the quality attributes used for evaluation: 

3. What are the implications on dependability and cost of a specific solution/solution 
method? 

If the impact on dependability and cost can be determined for some given solutions/solution 
methods, the next step would be to chose solutions and methods based on given requirements. 
As cost and dependability can be influenced both positively and negatively, some methods 
and solutions would have contradicting influence on the system, thus requiring trade-offs to 
be performed. The fourth research question concerns how to find ways to make these trade-
offs: 

4. How can guided choices be made between different alternatives? 

Utilizing a selected set of solutions and methods it is possible to consider case studies in the 
field of by-wire technology. The case studies can focus either on the functions of the vehicle 
or the implementation of the vehicle. The embedded control system architecture is an 
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implementation issue but it is impossible to study alternatives without a function specification 
of a future vehicle. Based on the functional specification it is possible to evaluate alternative 
architectures, both in terms of solutions and design processes. The function specification is 
followed by an implementation: 

5. What is desired for a future truck drive-by-wire system? What system functionality needs 
to be supported? 

6. How should this functionality be implemented in respect to cost and dependability? What 
alternatives are available? 

The results of the research corresponding to these research questions are given in the 
appended work and are briefly introduced in section 3. 

1.2 Research Approach 
The results and conclusions in this thesis have been derived from literature studies, 
discussions at conventions and conferences and also from personal experiences from the 
author working in product development projects at Scania. 

Theoretical sources 

The theoretical influences were drawn from a broad field. Much of the early work aimed at 
grasping many categories of theory in order to see how they applied to the research questions 
posed. With a wide field of theoretical interest, an identification of relevant research questions 
was the target of the early research. The theoretical sources were found through searching 
internet databases, references from colleagues and input at relevant conferences. 

In the process of developing research questions a comprehensive background that formed the 
basis for reports A and B was collected. Based on the problem of system design, report C was 
developed. 

Other sources and Method of data collection 

As mentioned, the major source of data for this thesis is literature studies. Another large 
source of data is observations made while working at Scania CV AB. During the project, a 
rotation program consisting of project work in four separate groups in the organization, while 
being employed at a fifth group at Scania, has supplied background and valuable input to the 
project. The process has given knowledge both through experiences with own work, and also 
through discussions and participation in meetings where issues of embedded control have 
been discussed. During the work a practical case study resulting in paper D was performed. 

Other sources of data have been conferences, meetings and social events where discussions 
and presentations have given an extended background of opinions and areas of concern for 
different stakeholders. Influences have been collected in a variety of communities, in industry 
and academia, at suppliers and manufacturers, in Sweden and abroad.  

Validity 

The internal validity, i.e. the credibility of the results, is improved by the combination of 
sources including conversations, participating observations and literature studies.  
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Considering the external validity of the observations at Scania, i.e. the possibility to 
generalize to the entire automotive sector, the risk of being colored by a few groups at Scania 
is inevitable. However, as the project assignments have been at four different groups and with 
a variety of assignments, the external validity is improved by multiple observations. Further, 
the external validity, or the possibility to generalize results, is also improved by inputs from 
other companies at conferences and similar events.  

1.3 Thesis Outline 
This thesis contains an introductory text and four appended papers that collectively provide a 
comprehensive background for the field of dependable architectures for automotive 
electronics. The remaining chapters in this introductory section give a project background and 
some viewpoints on the context of the work. 

The first paper, report A - Modern Automotive Electronics from an OEM perspective, briefly 
introduces by-wire concepts and technologies that are used today together with a view of 
possible functions and market options. It provides a basic background of the state of practice 
in the field. 

Modern Automotive Electronics from a Dependable systems perspective, report B, covers 
some theoretical aspects of dependability and cost efficiency and relates these concepts and 
theories to automotive applications.  

In the third paper, report C - The Monty Model for Engineering of Mechatronic systems, the 
design process of complex systems is considered. System design and architecting is discussed 
with a philosophical touch from Montesquieu and Kant. 

The fourth appended paper, paper D - Relational reasoning supported by quantitative 
methods for product modularization, is a case study of the architecture design of an adaptive 
cruise control for a heavy truck. The paper suggests methods to support modularization of 
embedded control systems for automotive applications. 
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2 Theoretical context and delimitation 

There are many fields of theory that are related to modern automotive electronics. A subset of 
these will be introduced and discussed in this section. Some of the fields have been touched 
upon in the project through courses; others are covered by research work, while some have 
been left out in the process. 

Based on the theoretical fields it is possible to identify some research directions where 
theoretical fields are combined within a limited scope. Some research directions are discussed 
before the direction of the CODEX project is given. 

2.1 Fields of theory 
The classification of theory fields are defined within the frame of this project, the 
classification is not intended for general use. 

Architecture design and Systems theory 

Architecture design is at the core of CODEX. Designing the architecture is to determine the 
structure of a system; to identify building blocks, their boundaries and relations. A part of 
architecture design is to make trade-offs between alternative solution structures in order to 
meet requirements posed by a set of stakeholders. The requirement specification supplies a 
desired behavior and the architecture design aims to supply an architecture that can deliver 
this behavior. These functional requirements can be complemented by a set of quality 
attributes, such as weight or cost. Some solutions to improve a given quality attribute may be 
chosen independent of other solutions and do not affect other quality attributes. Some 
parameters may be contradicting and requiring trade-offs, where the improvement of one 
quality attribute makes the situation for another quality attribute worse, for example a lighter 
material may be more expensive. 

Deciding proper quality attributes for automotive electronic systems is another part of systems 
architecting. Finding proper quality attributes is necessary in order to be able to make 
informed decisions on alternative solutions. The alternatives pose trade-offs that need the 
quality attributes in order to be compared.  

Related to tradeoffs and quality attributes is the support of models. Proper models of the 
relationships between architectural properties and qualities are essential for efficient 
architecting. Further, the activities in system architecting are a part of the research field. The 
architecting can be performed tacitly by engineers or explicitly using tools and documented 
models. Thus, the supporting models can be intended both for tacit, indirect use, as well as for 
explicit use, implemented in tools. 

There are several design theories, processes and guidelines that exist for the purpose of 
supporting architecture design. The sheer number of theories and processes indicates that 
architecture design is difficult and no efficient general solution exists. Architecture design is 
sometimes referred to as an art. In order to find a good control architecture for automotive 
systems the art of architecting must be mastered and contained in good engineering practice. 
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By-wire systems 

By-wire systems is a field of practical knowledge containing details about the products and 
prototypes available in the industry today, their performance and their cost. Much of the facts 
and figures in this field must be acquired from corporate and commercial presentations and 
source criticism becomes essential. 

By-wire systems contain components for electromechanical actuation, where electricity is 
used for power supply. They also contain control systems where electricity is used for 
carrying information and data, often in the shape of an embedded computer network. A set of 
general components and structures in the shape of control units, communication buses and 
protocols such as CAN and J1939 are basic knowledge that enables a description of by-wire 
systems. These descriptions are necessary for further analysis and architecture design. 

Some of the research in the field is very close to product development which mixes marketing 
efforts and research results. The commercial communication protocol TTP could exemplify 
the development from research concept to a commercial product. This circumstance is another 
reason for source criticism, extending the criticism also to academia. 

Embedded, real-time control systems 

Embedded systems, similar to by-wire systems, have a field of practical knowledge including 
hardware and software standard solutions, performance and costs; but, there are also several 
other aspects. Real-time analysis for example supplies theories for execution and response 
time analysis that is important for embedded control systems. Scheduling theories, ensuring 
that code will be executed timely, is another field of theory that cannot be neglected in 
resource constrained systems like automotive control systems.  

Knowledge in control theory is another aspect that is highly relevant in order to understand 
possibilities and limits in the systems. Control theory opens ways to distribute control over 
several co-operating hardware nodes. 

Understanding embedded control systems requires a variety of knowledge from different 
domains and concerns the integration of these domains. Systems integration, configuration 
and architecture design is an important part of embedded systems. This topic has already been 
mentioned in its own merit as the core of the CODEX project. 

Dependability 

Dependability is a wide field of theory with many attributes and related concepts. It is used as 
a collecting concept covering attributes like safety, reliability, availability, confidentiality, 
integrity, maintainability and security. (Laprie 1992) 

Dependability includes the field of reliability engineering and covers a range of techniques 
and methods to ensure that given components work satisfactorily. The target is usually to 
comply with a specification. Techniques include adherence to rules, such as the MISRA rules 
for software, analysis tools, such as QA/C for analysis of software in C-code, and choice of 
compilers. Redundancy and analysis of real-time requirements are also a part of dependability 
efforts. 

Dependability also covers things outside the system and the development of specifications. 
This includes some safety concerns where risks are analyzed in different situations in order to 
achieve a complete and safety concerned requirements specification. A number of tools exist 
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for structuring this analysis but many efforts are based on tacit understanding and 
brainstorming.  

Within the dependability field a set of useful standard concepts and definitions exist. 
Unfortunately no good measures for general benchmarking are included in this set, 
benchmarking measures tend to become application specific and not comparable among 
systems. Understanding dependability and related measures applicable for the automotive 
sector is another core issue in CODEX. Since architectural decisions are to be based on cost 
and dependability, measures for these attributes must also be available. 

Accounting and Business studies 

In order to understand the concept of cost-efficiency it is necessary to gather some basic 
knowledge in accounting and business studies. Different companies act according to different 
business models that emphasize varying selections of the value chain. The business model is 
the description of how the company is to make money.  

Based on the business model, cost-efficiency can have an alternate meaning in different 
organizations. Aspects of cost and cost-analysis are highly relevant for the CODEX project. 

Further, business studies supply knowledge in marketing and market value of functionality. 
Which functions that will be demanded in future systems, along with the market value of each 
function, is valuable input to a project that tries to find cost efficient architectures. This input 
can be collected from various sources of market intelligence but must be critically evaluated 
as the future can only be predicted not dictated. 

Legal requirements 

Legal requirements is a highly relevant theoretical field to consider. There exists extensive 
legislation for many drive-by-wire systems, mainly steering and braking, that may work as an 
inhibiting factor for the introduction of drive-by-wire systems. In Europe, a mechanical link is 
required for the steering system; and redundant, independent braking systems that must pass 
thorough certification efforts are required. Any part on the vehicle related to the braking 
system must pass this homologation. 

But legislation may also work as a driver for electronic solutions, an example is the legal 
requirement for ABS (anti brake locking system) to be fitted as standard on passenger cars in 
Europe from 2005. This may be a driver for introducing full brake-by-wire, supporting the 
redundancy requirement, in a near future. 

Obtaining complete knowledge of legal requirements require a large effort, partly as he 
formulation of legal requirements is different in different parts of the world. The laws of 
Sweden are not the same as for the EU, and the laws in for example African or American 
nations are also different. Recognizing which regulations that do exist in different parts of the 
world would be a first step in investigations for legal requirements. A next step would be to 
actually probe into the contents of each individual law and interpret the regulations in the 
context of drive-by-wire systems. Further, industrial lobbying and legal committees are 
constantly working on updating the legal requirements and the results of this work should be 
monitored as it may come into effect in a near future.  
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Modeling and Modeling languages 

Complex systems require abstractions. Abstractions are models of the world around us where 
some pieces are left out. The selection and use of models in the design of complex systems is 
another field of theory. Related is the world of modeling languages that enables models to be 
created and analyzed. 

There exist several models and languages designed for different applications. An interesting 
subset of models is formal models. Formal models have a well defined syntax and semantics 
that enables mathematical treatment and analysis. A common application area is modeling 
and analysis of the behavior of parallel systems with process algebra for concurrent processes. 
Formal models of a system can for example be used to verify that a specification is free from 
contradictions and deadlocks, and it is also possible to use a formal specification for 
generating test cases.  

Control models and more software oriented modeling tools and languages such as UML and 
SDL form other parts that are necessary for a full picture of a given control system. Another 
important part is to understand requirements and how they are analyzed. Choosing proper 
models and languages and linking them in the design process are relevant issues to consider in 
the CODEX project. 

In system design the basis for solutions is always the requirement specification. As 
benchmark measures for dependability are not well defined, it is important with detailed 
descriptions that define the borders of the system and specify the environment to be handled 
by the system. In the automotive case the driver and road environment of the truck or car 
should be explicitly modeled. It is also assumed that there is a model available that describes 
the technical structure of a by-wire system. In addition models of functions and requirement 
specifications must be defined. This modeling and specification effort can be further 
researched. 

Human behavior 

With systems that provide control of the vehicle in interaction with a human operator, it is 
necessary to have some knowledge of how the human operator behaves. This requires an 
understanding of some basic behavioral mechanisms and how they can be modeled. 

The combined human-machine control has a variety of variables that can be changed. The 
operator can be seen as a part of the system or as a user of the system. Interfaces can be 
designed in a variety of ways and the responsibility of control can be distributed differently 
among human and machine. The operator can be a support to the autonomous system instead 
of having the traditional leading role, using the system as a supporting tool. 

Operators with incomplete knowledge of automation is a highly contributing factor to 
accidents for safety critical systems. The factor has for example been identified by studies of 
airplane disasters and the Three Mile Island accident. (Modugno et al 1996) 
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2.2 Classification of theory fields 
The different fields of theory can be categorized in a variety of dimensions. One dimension 
that can be recognized is methods and products. Further, it is possible to separate the inside-
out vs. the outside-in perspective. Using these two dimensions, four separate areas of theory 
as illustrated in Table 1, is achieved. It is possible to view the outside-in efforts as analysis 
and specification efforts while the inside-out efforts are decision making in order to meet the 
specification. Methods can be used for analysis, supporting specification efforts, or for 
synthesis supporting implementation efforts. For the product the implementation concerns 
technology and the specification relies on market analysis. 

Table 1 Theoretical areas of concern 
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Figure 1 Areas of interest for dependable systems 
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Using this map makes it possible to look at theoretical efforts and place them in a context. 
Placing the different identified areas of theory in this framework the graphical representation 
of Figure 1 is achieved. In the figure it is possible to recognize that industry efforts are more 
in the right hand side concerning product technology and market analysis. The practical 
knowledge of embedded systems in general and by-wire systems in particular is placed in the 
field labeled technology. Knowledge in the field of desired functions and human machine 
interfaces are collected under the market area of theory. In the figure, an emphasis on methods 
in the theoretical background of the project can be seen. Methods for analysis include theories 
of real-time systems as well as cost and dependability. Supporting models to describe systems 
are also placed in the field of analysis methods. Tools and models are also a background in 
the field of synthesis together with the theories of architecture design. 

What is not captured here is the distinction between systems for energy flow and information 
flow. Within the product it is possible to separate the control system, dealing with information 
flow, and the system under control dealing with energy flow. This is also an important 
distinction in by wire systems, separating by-wire control from full by-wire as discussed in 
paper A. However, this distinction is not necessary here as only by-wire control systems are 
considered, an early limitation in this work was to focus on the control system and 
information flow. 

2.3 Research directions 
Throughout the project several ideas of directions of research have been considered. Based on 
the objectives of CODEX and the categorized fields of theory, five major areas of possible 
directions have been identified: system architecting, formal specifications, dependability 
benchmarking, component analysis and organization theory applied on embedded systems. 

System architecting 

The target for any direction of research is description and design of system architectures for 
by-wire systems. System architecting has been recognized as an important field in the 
CODEX project and is a research direction of its own. System architecting can be considered 
both from a method perspective as a work process with a range of methods as well as from a 
product perspective with a set of standard solutions and ways to choose between them. 

Formal specifications and modeling 

Many problems today, both in academia and in industry, can be attributed to lacking 
definitions of concepts and models. When modeling languages are defined the focus is placed 
on a subset of aspects while others are forgotten. Developing better languages and models for 
the automotive sector is a possible direction of work. 

If formal methods are utilized, verification of system-wide functionality is enabled. The lack 
of verification possibilities is one of the major problems for drive-by-wire systems today. 
With formal specifications the introduction of autonomous functions can be efficiently 
analyzed.  

Dependability benchmarking 

Close to the requirement specification is the need for benchmarks and measures for 
specification and comparison of concepts. There are no general benchmarks for dependability 
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that can be used, but it should be possible to derive a measure or a set of measures that can 
reflect the application of a heavy truck. Some benchmarks, quantitative or qualitative, can be 
derived and analyzed based on statistics from older vehicles. A basis for the benchmark 
would be the specifications and requirements of today’s vehicles. 

Another approach is to design a formal requirement specification that can be used as an 
evaluation tool, or benchmark, in order to verify if a given architecture complies with the 
specification. Formalizing a specification can improve the understanding of the tacit 
assumptions hidden in the specification efforts of a heavy truck. A part of this work might 
include the design of functional models for by-wire systems. 

Component analysis 

An embedded control system comprises of a large amount of components. One possible 
direction of research would be to break down the top level requirements, and also legal 
requirements, and apply them to individual components. Such work would achieve a 
component specification set that is designed for the use of x-by-wire systems. 

Using the derived requirements the necessary component could be developed or a set of 
existing components could be evaluated. An early evaluation of the directions of research 
reduced the component analysis to product development similar to the development of the 
communication protocol TTP (Time triggered protocol). Work in such areas is very valuable 
but is not in line with the purpose of this project. The component analysis is closely related to 
the field of reliability engineering where much knowledge already exists at Scania today, with 
the broad scope of this project little progress in the field would be expected. 

Organizational theory and General Systems Theory 

One way to approach architecture design is to use general heuristics and guidelines. These 
general guidelines should be possible to further develop into domain specific theories and 
rules that apply for automotive cases. In the work to establish rules and theories it is possible 
to be guided by the organizational theory of business studies. This theory is a developed set of 
relationships that considers environmental factors and corporate strategy in order to develop a 
competitive organization structure. 

Applying organization theory is a parallel direction of research that can be practiced together 
with other work. Discovered relationships between embedded system design and organization 
theory could give interesting results with a rather small added effort. 

2.4 Summary 
As the purpose of CODEX is to find a cost-efficient and dependable x-by-wire system 
architecture with a focus on control and information flow, the chosen field of research should 
target these topics. This implies that focus on issues of subsystems and components are less 
relevant for the project. The main direction of research should target system architecting both 
from a method and product perspective.  

Formal specification and modeling is a possible supporting field for research. Dependability 
benchmarking is not a relevant field of its own but the background of dependability is 
necessary for finding quality attributes for trade offs. Organization theory and general systems 
theory can have a supporting role where useful conclusions can be drawn. 
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3 Results 

The work performed within the project so far has covered three views of modern automotive 
electronics through three distinct reports. The motivation for the content of the reports is 
found in the research questions of the project. 

The first report provides a basic background to the state of practice in the field corresponding 
to the first research question posed. The second report covers cost and dependability aspects 
and theory, the results mainly covers research questions two and three. The third is a 
philosophical contemplation on system design, adding some background to research question 
four. The fourth appended paper is a case study on modularization of automotive embedded 
control systems, the results are applicable for research questions five and six. 

3.1 Report A - Modern Automotive Electronics from an OEM 
perspective 

This report is a state of practice report covering what is commercially available today and 
future trends. 

The report begins with an overview of possible applications for automotive electronics and 
some technical issues for implementations. The applications are related to the technical issues 
to find challenges and areas of concern for OEMs. It is found that the major OEM challenge is 
two types of integration. The first type is internal integration, connecting the safety-critical 
vehicle control subsystems properly to ensure a dependable vehicle. The second type is 
external integration allowing less safety-critical but more communication intensive 
information technology to connect to the vehicle. The focus in the CODEX project as well as 
in this report is placed on the first type, internal integration of safety-critical control systems. 

The report continues with a survey of current technical solutions and trends for embedded 
control systems in automotive applications. It is found that the complexity derived from 
increased interdependencies between functions increases the need for efficiently managed and 
documented networks. It is suggested that the complexity is handled through layering, both 
for software, with a vehicle application layer, and also for hardware in the sense that the 
network architecture uses a backbone structure with subnets. 

A few problem areas are also indicated and include the need for power management and the 
need for standardized components and interfaces. In the final section the situation at Scania is 
explicitly covered in the light of previous conclusions. 

3.2 Report B - Modern Automotive Electronics from a Dependable 
systems perspective 

This report is a state of the art report and a theoretical background on the concepts of cost and 
dependability from an automotive perspective. 
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The attributes of safety, reliability and maintainability are given special attention. General 
methods to improve these attributes are covered as well as automotive specific perspectives. 
For each method the implication for cost is evaluated and discussed. 

It is suggested that layering methods and modular components are used to separate concerns 
in the design. This improves the possibility to analyze the system and also improves 
maintainability. Formal layering with tools and middleware is a possibility if it can be 
efficiently used. These methods require extended modeling and are seen as most beneficial if 
the expected reuse of the modeled entities is high. 

Safety is seen as non-negotiable and methods to support safety must be utilized even if they 
introduce costs. 

The level of redundancy and reliability of components is seen as an eternal balancing act 
where development of new technologies and system level design influence the need for 
redundancy. No general conclusion can be drawn but the redundancy need must constantly be 
reviewed. 

3.3 Report C - The Monty Model for Engineering of Mechatronic 
systems 

This report is a philosophical exploration combined with a theoretical background on some 
aspects of systems and system design. The report proposes a meta-level model for complex 
mechatronic systems and system development. The overall aim is to provide a methodological 
basis for systematic model based design (in contrast to ad hoc socialization based design) of 
complex systems. 

A background on system models and system design is the topic for the first section of the 
report. Then one section each is approaching the Monty model for systems and the Monty 
model for system design. In the final section the two models are linked to form a meta-level 
conceptual framework for system modeling and design. 

The derived system model suggests that models and design activities are necessary for the 
function, implementation and the environment of the system. The three parts are labeled 
rationale, execution and environment in the Monty model. Further the mapping between these 
models requires activities and models of their own. Using the model enables systematic 
documentation and codified knowledge management; but it can also be used for management 
purposes, as a support to understand the necessary activities in a product development 
process. 

The identified entities of the system model should be known and used in the management of 
the design process. The Monty model suggests a way to integrate the development process 
and system modeling by mapping the design process onto the system model.  

3.4 Paper D - Relational reasoning supported by quantitative methods 
for product modularization 

This paper is a case study of the modularization of the control system for an adaptive cruise 
control system developed at Scania. 

The paper shows a specific method for designing the commanding interface described in the 
Monty model. The method exemplifies how function (rationale) and implementation 
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(execution) can be modeled in a simple way and how a mapping between them can be 
performed with the purpose to find good modular solutions. 

The paper suggest that quantitative methods is a good support in the decision making process 
for modularization. However, the final decision must be taken qualitatively. Further, the 
impact of business issues must also be covered in the quantitative measures. The best results 
are achieved by varying weights and offset of the quantitative measures to see how strong 
different arguments really are. 

3.5 Covered areas of theory and relating goals 
The work in the CODEX project can be fit into the framework presented earlier in chapter 2 
as indicated in Figure 2. Both the four appended papers and the six research questions have 
been indicated in the graphics. 

In the initial phases of the work with this thesis the state-of-practice in drive-by-wire systems 
was studied according to the first research question, ‘What by-wire systems exist today and 
what techniques and technologies are utilized?’ Report (A) describes state of practice and 
trends in the automotive industry covering both market and technology on the product side of 
the framework. The results of the initial work resulted in some general conclusions and ideas, 
as well as a background for the second research question, ‘What are the architectural 
options? By what methods are they designed?’ 
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Figure 2 Areas of theory covered by performed work 
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The general ideas were detailed in report (B) that covers both technology issues as well as 
some methodology for analysis. The purpose of report (B) was to elaborate on the third 
research question, ‘What are the implications on dependability and cost of a specific 
solution/solution method?’ 

In the process of writing the first two reports the problems of system design, modeling and 
documentation became more and more visible. The problematic nature of systems inspired the 
formulation of the fourth research question, ‘How can guided choices be made between 
different alternatives?’ In the process of dealing with this problem some philosophical ideas 
emerged and resulted in report (C). The third report (C) supplies a meta-model of systems and 
system design with the goal to support synthesis, both automated codified synthesis as well as 
manual tacit synthesis. 

In parallel to the theoretical background the work at Scania resulted in the writing of Paper 
(D). This paper is a case study on a modularization effort of the control system for a given 
function and concerns methods for synthesis. The paper is a special case and a part of the 
answer to questions five and six, ‘What is desired for a future truck drive-by-wire system? 
What system functionality needs to be supported?’ and ‘How should this functionality be 
implemented in respect to cost and dependability? What alternatives are available?’ 

The questions five and six were derived from the work with report (C) where the clear 
separation of function and implementation was found to be an important part of system 
design. 

3.6 Conclusion 
Summarizing the conclusions of this thesis, it is found that for future success, by-wire systems 
must handle the integration with external systems as well as the integration of internal 
systems. The external integration must be handled through standardized interfaces. The 
internal integration has a higher degree of complexity as more parts are dependent on each 
other and must live up to a stronger agenda of cost and dependability. 

The dependability of internal integration should focus on safety, reliability and 
maintainability. In order to supply cost-efficient solutions, layering of the system and modular 
solutions are inevitable. Modeling is a supporting technique that should improve cost-efficient 
dependability, but the modeling must be accompanied by an extended reuse of designs.  

Modeling can be applied formally or tacitly. In order to support modeling and design of either 
type the Monty model can be used. The Monty model underlines the types of models 
necessary at different design stages and suggests a way to separate design stages in the design 
process. It is necessary to have models of the function, the implementation and the 
environment of the system. 
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4 Future work 

The work so far has been broad in character and allows extensions in several directions. It is, 
due to this wide approach, possible to deepen the efforts in several fields and also possible to 
broaden the perspectives further to include more detailed aspects of by-wire implementations.  

4.1 Directions of research 
Based on the conclusions in the Monty model of necessary efforts for cost-efficient and 
dependable system design it is possible to see a range of research directions in line with the 
Monty reasoning. One direction is to evaluate and develop models and tools that support the 
areas of modeling found in the Monty model. Other directions are to further develop models 
for functions and models for mapping efforts between function and implementation; related 
activities in the design process can also be studied. As mentioned it is also possible to further 
extend the research into the field of energy flows and energy management in by-wire systems. 

The distribution of the research questions in the four theory fields, introduced in chapter 2, 
indicate that more research is required in the market and synthesis theory fields, with and 
emphasis on the synthesis field. 

Support tools, models and languages  

Several models, languages and tools are available for the design of by-wire systems. Both 
commercial and academic efforts can be investigated and compared with each other with the 
purpose of finding a proper tool suite for developing complex automotive electronics. 

Several aspects must be covered as dictated by the Monty model. Environment, functions and 
implementation all require models, languages and tools. Both the content of different 
modeling techniques can be evaluated and developed along with the actual tool support for a 
given modeling technique. 

Function models 

The modeling of functions is not obvious. One course of research is to find good 
representations for functions, to define functional entities and environment models. In paper 
D the functional entities are based on the control structure. Sensors, actuators and control 
blocks are used as the functional entities. 

A general format for function specifications utilizing and extending existing models and 
languages would be a possible line of research. A suitable format for specification of 
functional requirements is also within the scope of function models. 

A function specification should contain a model of the environment along with the possible 
interactions with the function and obviously a function definition. The function definition 
should contain the mapping from a given set of input interactions to a given set of output 
interactions. The interactions can contain both signals and events. Ideas can be collected from 
Parnas and Madey (1995) that have studied computer systems. 
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Mapping models 

If both functional as well as implementation models can be thoroughly understood, the 
mapping from function to implementation can be automatically synthesized for given quality 
attributes. A functional specification will then be the actual blueprint for the control system 
implementation. 

Based on the Monty model separation of concerns and domain specific knowledge, such 
synthesis would be possible. A mapping from the rationale entities to executing constituents 
through entities in the commanding interface should be defined and described. 

The Design process 

The report on the Monty model discusses both modeling and knowledge management. The 
modeling is expected to be performed either tacitly or explicitly. Explicit modeling can be 
managed through formalized documentation in a model based development process, while 
tacit modeling must be actively managed through decision making in the design process. 

The identification of necessary models and process stages is a possible area of future research, 
understanding more about the problem solving process can support both tacit and explicit 
modeling, as well as the management of design processes. 

A complete by-wire system 

One possible direction of research would be to expand the subject into the complete design of 
a by-wire system, including aspects of energy flow, sensors and actuators. This would 
introduce a more holistic picture of by-wire systems, but would also introduce a range of new 
research questions concerning energy management and mechanical design.  

Another possibility is to consider how the entire system can be efficiently modeled for 
architecture design of the control system. The control system in many ways depends on the 
implementation of actuators and sensors and some coarse models must be supplied even if the 
actual implementation of the mechanics is not considered.  

4.2 Research Approach 
The research so far has had a strong emphasis on literature studies. The rotation program at 
Scania has also provided valuable insight into the problems of embedded system design in the 
automotive sector.  

In the future work less emphasis will be placed on literature and a stronger focus will be 
placed on case studies in building evidence for developed theories. Paper D is a result from 
some of the work at Scania and more case studies based on real problems are intended to 
support future work. 

Besides the work at Scania, planned case studies also include some academic cases in the 
context of the research performed at the Mechatronics lab at KTH. Some case studies have 
already been performed but are not documented here. The case studies aim at verifying the 
concepts of the Monty model and to support work with functional representations. 
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