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Abstract 

 

 

Component-Based Development (CBD) is an emerging software development methodology which 
promotes software reuse by building software from existing pre-built software components. This in 
turn helps decrease time-to-market and saves on development costs [4]. 

This project firstly seeks to understand and explain CBD in its wider context, as the gradual maturing 
of object-oriented software development. Its merits, demerits and its rationale for use are discussed in 
detail. The aim is to show that CBD is a better way to design certain types of software projects. A 
good example would be software for the automotive domain. Automotive software has grown 
exponentially over the past 30 years in size and complexity. It is not uncommon to find ten million 
lines of code in use in today’s premium vehicles [1]. They also are often safety critical and require 
extensive testing and validation before being put to use. As such, building a system using pre-built 
and tested software components makes sense and this project will aim to demonstrate that by building 
an automotive sub-system using CBD. The scope of the project will focus on the software for a single 
ECU in the Steering Management System, which enables a vehicle to be steered electronically. This 
completed system will then finally be ported to the Automotive Open System Architecture 
(AUTOSAR) to show that the completed system is compatible with the current automotive software 
platform. It is hoped that this project will demonstrate how CBD can improve software reuse and 
encourage similar development in other domains across the software industry. 
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Chapter 1 – Introduction 

 

 

Software is ubiquitous today; aiding humans perform tasks in everything from household chores such 
as cleaning, to industrial applications such as controlling robots in complex assembly lines. Today, the 
biggest companies in retailing, music distribution, video rental and book sales, to name a few, all rely 
heavily on software to run their businesses [11]. This trend of software usage and reliance is only 
beginning and is set to continue. In 2005, organizations and governments spent an estimated one 
trillion dollars on information technology hardware, software and services worldwide [7]. Proper 
software usage has promised so much, including improved efficiency, cost savings and better service 
for businesses.  

Software development which is cost-effective and that can be delivered on time is now more 
important than ever. The rise in software usage and subsequently, the demand for software and its 
development, has brought into the spotlight again the ‘Software Crisis’ [8] identified by Dijkstra in 
the 1970s. The Software Crisis is a term used to describe the increasing problem of software which 
was constantly over budget, delayed, incorrect, unreliable, difficult to maintain and insecure. The 
problem is only set to get worse with the large scale and highly complex requirements of modern 
software. It is generally accepted that the key to solving this problem is to develop better ways of 
reusing software. Starting with software subroutines or functions, developers began to reuse segments 
of their code to save time. This eventually developed into object-oriented development where entire 
groups of classes or objects could be stored in libraries to be reused [12]. Component-based 
development (CBD), which is the focus of this project, seeks to continue to improve on software reuse 
and solve the Software Crisis by promoting a way of building systems from pre-built and functionally 
more complex pieces of software known as components. Building software from components allows 
them to be tested thoroughly before usage. These high quality components can then be used as the 
starting point in building a new system, negating the need to start from scratch. Having this option 
saves both development time and costs [4]. 

This project will seek to use the CBD process on an automotive software system. The automotive 
industry is no exception to the software revolution. Software is increasingly used in vehicles to run its 
engines, control safety features, entertaining passengers, guide drivers and connect them to mobile 
and Global Positioning System (GPS) networks [11]. Within the last 30 years, software has grown 
from 0 to an average of 10 million lines of code in premium cars, with more than 2000 functions 
realized or controlled by software. 50-70 per cent of the software and hardware development budget is 
spent on software [1]. Automotive software today is complex, large and often safety critical. All this 
makes it the ideal sandbox to demonstrate the advantages of CBD. This project will aim to show that 
CBD can help improve the development process of automotive software by producing a reliable and 
tested system simply, and that can be reused for future related projects. I start by introducing the 
project’s aims and by specifying its scope. 

 

1.1 Project Aims And Objectives 

This project has two primary aims. The first is to show that automotive software can be designed 
using software components and component-based development. Component-Based Development 
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(CBD) has many advantages including promoting software reuse, speeding up development time and 
decreasing development costs [4]. CBD’s advantages will be discussed in detail in the following 
chapter. The second is to then demonstrate that the completed software can then be ported to an actual 
automotive software platform, the Automotive Open System Architecture (AUTOSAR). This is 
necessary to prove that the piece of software designed is compliant with the current automotive 
software architecture and that CBD can realistically be used to improve automotive software 
development. 

In order to achieve these two aims, I propose these objectives: 

 I will design and implement software for one Steering Management System electronic control 
unit (ECU) of a standard vehicle using component-based development. Steering Management 
software is part of electronic power steering technology, which enables the steering of a car to 
be electronically assisted. This is achieved by attaching sensors to the steering wheel of a car, 
which tell the software which direction to turn and by how much. The software then instructs 
an actuator attached to the physical steering system of the car to aid the driver in performing 
the turn [9] [33]. This software is usually stored and executed on several electronic control 
units (ECU). The code will be implemented in C and the system designed using X-MAN, 
which is a tool to aid component-based development. 

 I will then map the X-MAN designed software to AUTOSAR as X-MAN components and its 
component model are different from those of AUTOSAR’s. X-MAN uses encapsulated 
components, which are self-standing components that require no services from any other 
components and have only input and output ports [6]. These components can then be used to 
build a system hierarchically. AUTOSAR’s components on the other hand, have many ports 
which are used to connect several components together. These components can have required 
services, which creates dependencies on other components for its functionality. They are then 
wired together using a Virtual Functional Bus (VFB) to form a system [10]. The goal is have 
a functionally equivalent system in AUTOSAR that was designed originally in X-MAN. The 
completed AUTOSAR system can then be compiled and tested on an actual automotive ECU 
system or simulator. 

 

1.2 Project Scope 

In order for this project to be realistically achievable, its scope must be clearly defined. This project’s 
work will focus on building software for only one electronic control unit (ECU) in an Automotive 
Open System Architecture (AUTOSAR) compliant Steering Management System. The software will 
be designed using component-based development (CBD) methodology. The development will use the 
X-MAN tool and the programming language C. The completed system will then be manually mapped 
to a functionally equivalent AUTOSAR system. This is done by possibly specifying the connection 
between X-MAN ports and their related AUTOSAR ports. The systems functionality will also need to 
be ported across. Finally, the entire system will need to be tested and verified before being deemed 
successful. Development and documentation work for this project should be appropriate for a roughly 
6 month Msc. project. 

 

1.3 Report Overview 
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The remainder of this report is structured in the following manner: 

 Chapter 2 - Background. This segment examines relevant background literature to help build 
the wider context for the project. Concepts are discussed in detail to show how this project’s 
work on CBD fits in the larger picture. Topics covered include the software crisis, the 
automotive industry and its software requirements, the automotive software platform 
Automotive Open System Architecture (AUTOSAR), the gradual evolvement of software 
development processes to promote software reuse as well as a detailed discussion on what 
Component-Based Development is and how it can improve automotive software. 

 Chapter 3 – Research Methods And Project Plan. This segment describes the methods used to 
carry out work on the project. A rough project plan with important milestones will also be 
introduced with the help of a Gantt chart. Finally, this segment will describe the deliverables 
of the project and how it should be evaluated. 

 Chapter 4 – Learning New Tools. Tools learnt such as the GME Tool, X-MAN and the 
AUTOSAR tool Artop are discussed in this chapter. 

 Chapter 5 – Steering Management System: Overview, Initial Requirements And Design. This 
chapter introduces the Steering Management System to be built. An overview of the system is 
presented first. Initial requirements are then described. This is followed by a rough design of 
the system. Finally, a rough plan for the remaining processes to be done to complete the 
system is presented. 
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Chapter 2 - Background 

 

 

In this chapter, I attempt to explore the greater context of my project and how my work may 
contribute to solving the long standing software crisis [8]. It is important to understand how we 
arrived at the current problem and the various amount of work done since to try to solve it. In the 
following segments, I try to provide an overview of the automotive domain’s software issues and how 
component-based development may provide a possible solution. 

 

2.1 The Automotive Industry’s Increasing Reliance On Software 

It is hard to believe that just 30 years ago, software was non-existent in cars [1]. Since then, software 
has grown at a factor of ten or more, with today’s premium cars easily using 10 million lines of code. 
Driven by the desire to add more complex and powerful functionality which would entice potential 
buyers, software is embedded into customized electronic control units (ECU) and paired to control 
customized actuators and sensors, which enabled features such as automated power windows, 
integrated entertainment capabilities and climate control systems. Software is not limited to those 
systems and is currently in use in many others, as can be seen from the following table taken from 
Charette’s article [13]: 

 

Table 2.1: Automotive sub-systems which use software. 

This amount of software is not restricted to premium cars. Low-end cars now have around 30-50 
ECUs embedded in their body, doors, dashboard and anywhere else software might be needed [13]. 
This widespread adoption of software is affirmed by Thomas Little, an electronics engineering 
professor at the University of Massachusetts, Boston, who says that “automobiles are no longer a 
battery, a distributor or alternator, and a carburettor; they are hugely modern in their complexity” 
[13]. The industry quickly saw software’s advantages as it enabled functionality previously deemed 
impossible [2].  This resulted in an increase of the amount of ECUs used and thus, software. A 
modern car soon had more than 70 ECUs wired across with bus systems to allow communication 
across the ECUs. This allowed functionality to evolve from individual localized ECUs to a more 
central, top-down control. This trend is expected to continue to rise with cars in the near future to 
have roughly a gigabyte of software on them [2]. The rise of software in the automotive industry was 
clearly summed up by Broy: 

“Software as well as hardware became enabling technologies in cars. They enable new 
features and functionalities. Hardware is becoming more and more a commodity – as seen by 
the price decay for ECUs – while software determines the functionality and therefore 
becomes the dominant factor.” [1] 
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It is clear then that software enabled functionality was helping automotive companies to save money 
and deliver better features on their products, thus continuing to fuel software’s usage in cars. 

 

2.2 Automotive Software’s Rising Complexity 

The rise in the usage of automotive software was in tandem with the rise of complexity of the 
software itself. Software was beginning to be used for complex functionality such as monitoring 
conditions for the deployment of air-bags. In hybrid vehicles for example, control software “analyse 
hundreds of inputs every 10 milliseconds, including vehicle load, engine operations, battery 
parameters, and the temperatures in the high-voltage electric components” [13]. Complex 
functionality such as anti-lock brake systems (ABS) and climate control systems were now being 
controlled by software in ECUs. In addition to that, the simple fact that there was so much more code 
in automotive systems made the software inherently more complex. 

Increased complexity brought with it its own set of issues. Reliability became an immerging problem. 
According to IBM, “approximately 50 per cent of car warranty costs are now related to electronics 
and their embedded software, costing automakers in the United States around $350 and European 
automakers 250 per vehicle in 2005 [13]”. In 2010, Toyota was forced to recall its hybrid vehicles for 
a software glitch in its brake system [14].  Volkswagen faced similar problems in 2009 when it too 
was forced to recall 4000 vehicles due to a fault in its engine control software that caused unexpected 
increases in engine revolutions [15]. The sheer rise in the amount of software meant that it was much 
easier to miss a fault during development and only discover it when the software was actually used. 
The amount of software also made it increasingly complex to develop and test, contributing to the 
reliability issues mentioned. 

As automotive software’s scale and complexity rose, manufacturers continued to work on delivering 
reliable software on time and at the lowest cost possible. The problem looked more and more 
impossible as the factors of time, cost and correctness pulled at each other. Complex software needed 
to be built from scratch for each customized ECU. This software then needed to be tested for errors 
and verified for correctness. The rising need for complex and reliable software that could be delivered 
quickly and at low cost begged for a better solution. 

 

2.3 Object-Oriented Design As An Initial Solution 

The most obvious way to improve software is to reuse good software. Software reuse allowed for 
faster software development and reduced development costs. Tried and tested software could also be 
reused thus increasing reliability. These are great benefits not only for automotive software, but 
software engineering as a whole.  

Initial effort to improve on software reuse started with the reuse of functions instead of writing the 
entire application from scratch. These functions could then be called whenever there were needed and 
their functionality reused. Implementers need not know about the workings of a function to use them 
and only needed to know how to invoke them [17]. This greatly increased software reuse.  

Object-oriented development (OOD) improved on software reuse even more. Object-oriented 
development or object-oriented programming is describes as: 
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“[…] a method of implementation in which programs are organized as cooperative collections 
of objects, each of which represents an instance of some class, and whose classes are all 
members of a hierarchy of classes united via inheritance relationships.” [16] 

By grouping functionality into classes, features could be reused in a more abstract manner. This 
allowed for related functions to be grouped together, promoting even more software reuse. OOD 
promised to help software developers deliver software faster, at lower cost and with fewer errors. 
These benefits were not developed specifically for the automotive industry but for the software 
industry as a whole, as an initial answer to the ‘Software Crisis’ described by Dijkstra [8]. 

While object-oriented development’s promotion of object reuse was good, its practicality was being 
pushed to the limits by demands of modern software. As objects are designed for a singular purpose, 
they are often too small to be reused on its own [19]. In order for a significant segment of 
functionality to be reused, a group of objects would need to be taken into consideration. This could be 
difficult in practice as the objects could be changed and their interactions difficult to manage. Objects 
also lacked a general modular structure and were often tightly coupled together making reuse difficult 
[19]. A better way of reusing bigger and more meaningful components of functionality paved the way 
for component-based development. 

 

2.4 Introducing Component-Based Development 

Component-based development builds on object-oriented development by attempting to classify 
components as possibly bigger than singular objects, in order to reuse a significant segment of 
functionality. Components are not completely different from objects; instead they quite often are built 
from them. As such, component-based development should not be viewed as the next best thing after 
object-oriented development but an evolvement of it [18].  

It may be helpful to start with a definition of component-based development: 

Component-based development (CBD) is the building of software systems by composition of 
prebuilt, generic software elements [5], [18]. 

According to Heineman and Council, these generic elements or components can then further be 
defined as such: 

“A component is a software element that conforms to a component model and can be 
independently deployed and composed without modification according to a composition 
standard [12].” 

Finally, a component model can be described as a model that “defines what components are, how they 
can be constructed, how they can be composed or assembled, and how they can be deployed, as well 
as, ideally, how we can reason about all these operations on components so that quality certification 
may be tractable [5]”. 

Put together, component-based development is the building of software systems out of reusable and 
independent software elements that conform to a component model which determines how these 
components can be used. Component-based development represents the software development 
methodology which uses components as its building blocks to build a system. The following is a 
quick overview of components and component models, which form the core of CBD. 
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2.5 Understanding Components And Their Component Models 

Components in CBD should be understood within the context of their component models. According 
to Lau and Wang: 

“A software component model is a definition of: 

 the semantics of components, that is, what components are meant to be, 

 the syntax of components, that is, how they are defined, constructed, and represented, and 

 the composition of components, that is, how they are composed or assembled [5].”  

The semantics of a component describe how a component works. For example, a component can 
provide some services or require some services in order to function. It could also have a combination 
of both. The syntax of a component defines how a component is described. This is usually a 
programming language such as C or Java. The composition of components defines how components 
are assembled together and communicate between each other. This could be by using direct method 
calls, connections between ports, or by using special purpose built connection operators known as 
exogenous connectors [20]. 

Component models can be categorized in two ways. Firstly, they can be divided by the type or 
semantics of their components [6]: 

 Models with objects as their components 

 Models with architectural units as their components 

 Models with encapsulated components 

Objects only expose the services they provide but do not show their dependencies explicitly. 
Architectural units explicitly show their provided and required services. Finally, encapsulated 
components only have provided services and have no dependencies on other components. 

Component models can also be categorized based on composition. For example, some component 
models allow for composition in the deployment phase while others allow composition only in the 
design phase. The five categories are described in detail below: 

 Design without repository. Components are designed and composed only during the design 
phase. There is no repository or assembler. Once a system is completely built, it is deployed 
into the runtime environment. Examples of this component model are ArchJava and Unified 
Modelling Language (UML) 2.0 [5]. 

 Design with deposit-only repository. Components are designed and composed only during the 
design phase. However, completed components may be stored in the repository for 
deployment later. There is no assembler. Completed systems can then be deployed in the 
runtime environment. Enterprise Java Beans (EJB) is an example of this type of component 
model [5]. 

 Deployment with repository. Components are built during the design phase and stored in the 
repository. Composition is only done during the deployment phase. The completed system is 
then deployed into the runtime environment. JavaBeans is an example of this type of 
component model [5]. 
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 Design with repository. Components are designed and stored in the repository. These 
components can then be retrieved and further composed in the design phase and the resulting 
composed component stored in the repository. There is no composition in the deployment 
phase. Completed systems can then be deployed directly into the runtime environment. Koala 
is an example of this component model [5]. 

 Design and deployment with repository. Components can be built and composed during the 
design phase and stored in the repository. These components can be retrieved, further 
composed and deposited back into the repository. Furthermore, composition can be done in 
the deployment phase as well. The completed systems can then be deployed into the runtime 
environment. Components can thus be composed in both the design and deployment phase. 
X-MAN, which will be discussed in the following chapter, is an example of this component 
model [5] 

These five categories can be illustrated with the following figure: 

 

Figure 2.1: Component models as defined according to the idealized component life cycle [6]. 

 

2.6 Advantages of Component-Based Development 

By building systems from pre-built, functionally complex components, CBD attempts to improve on 
development time and reduce costs. In addition to that, CBD generally encourages high levels of 
testing and validation at a component level which contributes to improving software reliability and 
correctness. 

The type of component model greatly affects the advantages of CBD. From the component model 
categories above, it is easy to see that designing and deploying with repository (category 5) is the 
component model which provides the most advantages. Firstly by using exogenous components which 
have no required services, components can be built without dependencies on other components. These 
components can then be used to build systems hierarchically. Category 5 component models also use 
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special composition operators which separate the composition mechanisms from the computational 
logic of the components. This allows for the changing of composition operators without affecting the 
components. Finally, this component model allows for composition in both design and deployment 
phases, giving developers as much freedom as possible to build and compose their systems at various 
stages of development. 

This project will use X-MAN, which is an example of this component model for this project to 
maximize the advantages provided by CBD. 

 

2.7 CBD As A Possible Solution For Automotive Software 

Component-based development’s claimed advantages discussed so far make it ideal for application in 
the automotive industry. This suggestion is shared by Her et. al.:  

“Among the few reuse technologies, CBD is known to be effective for developing automotive 
software since CBD provides effective features for supporting modularity, capturing 
commonality into components, customizing variability within components, assembling in 
plug-n-play fashion, and maintaining through replacement [3].” 

As automotive software grows in complexity and size, it is increasingly important to find a solution 
which enables it to be delivered on time, at low cost and at the same time, able to meet all 
requirements of correctness and reliability. Building good software for large applications from scratch 
is no longer a practical solution.  

CBD negates the need for this as it encourages the reuse of prebuilt components which are then 
composed in a hierarchical manner. These components can be built independent of each other with 
careful thought put into their design and implementation and the result put through thorough testing 
and validation before being signed off. Complex automotive functionality can be worked on at a 
component level and tested there before being assembled together into a system. CBD’s process of 
breaking up complexity helps developers ensure that errors can be detected and fixed early, making 
components highly robust and reliable. This is especially important in automotive software as it is 
usually used in safety critical applications and must be fail proof.  

Additionally, as automotive software is based on ECUs, it is safe to assume that a reasonable amount 
of functionality will be duplicated across the various ECUs. Components could be built to provide 
functionality to ECUs and these ECUs then assembled together to form automotive sub-systems such 
as braking systems or engine control systems. Tried and tested ECU components can then be reused in 
different sub-systems in automotive software with the assurance that the components will work as 
expected. Alternatively, smaller components that provide functionality to a single ECU can be reused 
to build completely new ECUs for different applications. This reuse of software greatly speeds up the 
development process and saves on costs. Developers can then focus on developing new functionality 
without constantly having to rebuild similar functionality, resulting in better features for the 
automotive systems. Finally, by using open standards and a common contract for components, such as 
that provided by AUTOSAR, components can not only be reused by one manufacturer but have the 
potential to be shared with others as well. Whether sold for profit or jointly developed, better 
components can only mean better automotive software and subsequently better automotive features 
for the industry as a whole. 
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Chapter 3 - Research Methods And Project Plan 

 

 

3.1 Research Methodology 

The following describe research methods used in the course of this project: 

 Research and background reading 
o As part of the initial phase of my project, a substantial amount of time was spent 

doing background reading and research of published papers, articles in journals, 
books and other related articles on the Internet. This reading was important to 
understand the background and wider context of component-based development and 
the automotive industry. The reading also helped me learn the relevant skills in order 
to use the tools required to complete the project. 

 Attending X-MAN and Artop Tool introduction demonstrations 
o I attended an introduction to X-MAN session on the 10th of February, an introduction 

to AUTOSAR and the Artop Tool on the 22nd of February and an AUTOSAR 
workshop on the 9th and 10th of May. The workshop was led by Dr. Sebastien 
Saudrais from the Estaca Engineering School, France and focused on demonstrating 
the AUTOSAR development process from beginning to end. All the sessions proved 
helpful in helping me learn how to use the respective tools. 

 Learning how to build systems using CBD Component and System Lifecycles 
o As this project’s goal is to build a system using CBD, a different development 

methodology will have to be used. In CBD, components are built first using the 
Component Life Cycle, as can be seen in Figure B.1 (in Appendix B). After an 
analysis of what kinds of components are needed is completed, the requirements for 
an individual component are listed out and the component designed. The component 
is implemented and tested once completed. The completed component is then stored 
in the repository for future usage. This process is repeated for all the other necessary 
components and will be used to build all the components for this project [21]. 

o Once all the components are built, work can then progress to the System Life Cycle 
(diagram on the right in Figure B.1). First, the systems requirements are analysed in 
detail and the system designed while taking into consideration the components 
needed to build it. Then, the required components are retrieved from the repository. 
These components are then customized and adapted to the specific system before 
being assembled together. Finally, the completed system is tested for correctness 
before being certified for use [21]. This process will be used to assemble this 
project’s Steering Management System. 

 Learning new tools 
o In order to implement this project, I had to familiarize myself with several new tools 

and the C programming language. I have tried to learn the basics of each tool and 
present an overview of my findings in the following chapter (chapter 4). 

 

3.2 Project Deliverables 
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The project deliverables are: 

 Developed System Part 1: A functional automotive domain sub-system (software for one 
steering management ECU), implemented and runnable in X-MAN. The system will be 
designed using X-MAN and the functionality written in C. The sub-system should be of a 
moderate size suitable for a Msc. level project, be non-trivial and use a wide range of the 
features of the X-MAN component-based development tool. The sub-system will then be 
validated with comprehensive test cases and simulation scenarios. 

 Developed System Part 2: A functional and equivalent sub-system as implemented in 
Developed System Part 1 but fully runnable in AUTOSAR. 

 A progress report and final dissertation must be submitted. The dissertation must include 
complete documentation of the work done during the entire project, results discovered and 
any conclusions drawn from them. 

  

3.3 Project Evaluation Plan 

The project will be primarily evaluated in two ways: 

 By demonstration of the completed system to the project supervisor.. 

 By submission of a progress report and a comprehensive final dissertation. 

  

3.4 Project Plan 

This project’s plan is structured around several important milestones: 

 M [1]: Submit Preliminary Report 

 M [2]: Submit Progress Report 

 M [3]: Demonstrate completed sub-system in X-MAN 

 M [4]: Demonstrate completed sub-system in AUTOSAR 

 M [5]: Submit Dissertation 

These milestones represent the key deliverables of the project. As such, work throughout the entire 
duration of this project will be focused on building towards these milestones and completing the 
deliverables. As an outline, the first two milestones involve the project’s initial background reading 
and research. This portion of work will be carried out from February till May. The next two 
milestones involve the design and implementation of the automotive sub-system using CBD. This 
work will be carried out from May till July. Finally, the last milestone marks the date for delivering 
the completed documentation of the entire project for evaluation. Work to complete this is scheduled 
to be done in August. I have tried to break down the workload into smaller tasks as well as provide a 
rough estimation of the amount of time and effort needed to complete them. These tasks, their time 
estimations, the milestones and the key submission dates can be seen in the Gantt chart (Table A.1) 
included in Appendix A. 
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Chapter 4 – Learning New Tools 

 

 

4.1 X-MAN and GME 

The following segments introduce X-MAN and its rationale for use. 

 

4.1.1 Current CBD Component Models and the Rationale for X-MAN 

Although software reuse is a core concept of CBD, in reality pre-built components are difficult to 
reuse due to tight coupling and an intermingling of computational code, flow of control and data [28]. 
This software reuse problem is largely due to the fundamental way most of these component models 
facilitate the composition of their components. Components in these component models are usually 
composed using direct message passing or indirect message passing [27]. 

 

Figure 4.1: An illustration of direct message passing between components [27]. 

Direct message passing can be illustrated by the figure above. In figure 4.1, if component A calls the 
method ‘a’ in component B, it does this by passing a message directly to component B and invokes 
the specified method. It can thus be said that component A has a direct connection to component B. 
Enterprise Java Beans (EJB) is an example of a component model which uses direct message passing 
[27]. 

 

Figure 4.2: An illustration of indirect message passing between components [27]. 

Indirect message passing on the other hand, describes the communication between components via an 
intermediary connector component instead of calling a method on the other component directly. An 
example of this can be seen in figure 4.2. Here, component A passes a message to the Con1 connector 
component which subsequently calls the method ‘a’ in component B. Communication between 
component A and component B is done in an indirect way through the connector component, hence 
the term. JavaBeans is an example of a component model which uses indirect message passing [27]. 
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Both direct and indirect message passing intermingle control code with computation code. This can be 
seen as control from one component is usually triggered in the computation code of the preceding 
component. This combination of different concerns is not ideal and reduces the reusability of 
components. X-MAN and the usage of exogenous connectors, which are purpose built connectors 
designed solely for control, aim to solve this problem and provide a better model for CBD [27, 28]. 

 

4.1.2 X-MAN 

X-MAN is a component model that uses exogenous connectors to help build a CBD system [30]. It is 
implemented using a system building tool designed and developed by the School of Computer 
Science at the University of Manchester. The X-MAN tool is designed as an additional layer that 
builds on functionality provided by a modelling tool, GME (Generic Modelling Environment) which 
will be introduced in the following segment. At the heart of the X-MAN system is functionality which 
enables the use of exogenous connectors. Exogenous connectors are special connectors which 
encapsulate control [29]. These connectors initiate control in a system and transfers the control to the 
next component as needed. With the use of exogenous connectors, a complete system can be built 
from components connected via these connectors. As these connectors encapsulate control, control is 
separated from the computation code in the components. This encapsulation of control is illustrated in 
figure 4.3 below. This provides for a highly factored design, which encourages component reuse as 
the components are no longer tightly coupled to control mechanisms [29]. 

 

4.1.3 Building A System Using X-MAN 

Each X-MAN system starts with an atomic component. An atomic component holds a computation 
unit, which contains computation code to perform a desired task. The computation unit it connected to 
an invocation connector, which exposes its computation methods in an interface so that other 
components can use them [29]. 

 

Figure 4.3: Exogenous connectors and how they initiate and transfer control [30]. 

Once a computation unit is coupled to its invocation connector, it is ready to be used and can be 
stored in the repository for reuse or combined with other components to form composite components. 
A composite component is a combination of two or more atomic components or other composite 
components.  

Control flow Control  origin 
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Figure 4.4: Atomic and composite components, where IU, IA and IB are invocation connectors [30]. 

As can be seen in figure 4.4, a composite component is built using composition connectors attached to 
the invocation connectors or composition connectors of other composite components. Composite 
connectors can be either selectors or sequencers. Sequencers work by taking the input data and 
supplying it to the first component to process. Its output is then channelled to the input of the next 
component. This continues until then last component when the final output is channelled out of the 
composite component. A selector, on the other hand allows for the selection of only one of the sub-
components in a composite component based on some predefined criteria [29]. Either of these 
composition connectors can then be used to put together a composite component. The composite 
component is now completed and can be stored in the repository or used instantly. 

This process of assembling components continues until the entire system is built from the bottom up. 
As each component has no dependencies on any other component and is completely encapsulated, a 
system can be built hierarchically. Hierarchical building of systems is X-MAN’s biggest advantage 
over the other component models. Systems can be built from the bottom using just a single 
component. Each component can be tested thoroughly and validated on its own. As the system is 
built, components can easily be swapped out without any dependency issues. Connectors for 
composite components can be changed as well according to changing requirements with minimal 
disruption to the system. As can be seen, X-MAN completely supports and encourages component 
reuse and is the component model closest to the ideal aspirations of component-based development. 

 

4.1.4 GME Tool With X-MAN 

The Generic Modelling Environment (GME) is “a configurable toolkit for creating domain-specific 
modelling and program synthesis environments [31].” The GME toolkit offers a general modelling 
tool which, when customized with specific modelling paradigms allows for the building of specific 
models according to the paradigm provided. These paradigms contain all the “syntactic, semantic and 
presentation information regarding the domain; which concepts will be used to construct models, what 
relationships may exist among those concepts, how the concepts may be organized and viewed by the 
modeller, and rules governing the construction of models. The modelling paradigm defines the family 
of models that can be created using the resultant modelling environment [31].” 

The GME tool is the base platform on which the X-MAN plugin or paradigm sits on. Once the 
paradigm has been loaded and GME has generated an environment from it, the environment can then 
be used to build X-MAN applications as needed by this project. The X-MAN plugin provides two 
distinct phases where components can be built and then composed. The first phase, the design phase 
allows for the building of atomic components. These components can then be composed together to 
form composite components. All completed components can then be stored in the repository for use 
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later. In the second phase, atomic and composite components built earlier can be retrieved from the 
repository and further composed using composition connectors to build the complete system. 

The tool supports C, C#, visual basic and Python as implementation languages. The tool also comes 
with an interpreter to execute the system’s code [31]. In addition to that, a simulator is also provided 
for testing purposes. Test cases can be written and executed in the simulator to verify the correctness 
of the system. This is done by comparing the output of the test cases to expected output values and 
ensuring that the values match. 

This project will use the GME Tool with the X-MAN paradigm to build the proposed automotive sub-
system. All implementation code will be in C. 

 

4.2 AUTOSAR and Artop 

Automotive Open System Architecture (AUTOSAR) is the open and standardized software 
architecture for the automotive domain [22]. AUTOSAR was formulated to fulfil the need for a 
technological breakthrough to manage the complexity of contemporary automotive electronic 
architecture and the rise of innovative vehicle applications which utilize them [24].  AUTOSAR 
membership is divided into three tiers namely, core partners, premium members and associate 
members. Core partners at the time of writing include BMW Group, Continental AG, and Daimler 
AG [23]. The AUTOSAR standard ensures that software that is AUTOSAR compliant is guaranteed 
to run on any automotive platform or vehicle that supports AUTOSAR. This allows for the reuse of 
software across vehicle manufacturers and automotive software suppliers. This project’s sub-system 
will need to be ported to AUTOSAR in order to prove that CBD can be used to build systems that 
function in a real world automotive system.  

The AUTOSAR Tool Platform (Artop) is “an implementation of common base functionality for 
AUTOSAR development tools” [25].  Artop is built on the Eclipse Platform and is used “to design 
and configure AUTOSAR compliant systems and ECUs” [26]. Other proprietary plugins can be 
layered on top of Artop to provide additional functionality. These layers are illustrated in the 
following diagram: 

 

Figure 4.5: Artop and where it sits in the layer of AUTOSAR tools [26]. 

Artop will possibly be used to build the AUTOSAR sub-system equivalent of the X-MAN sub-system 
for this project.  
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Chapter 5 – Steering Management System: Overview, Initial Requirements And Design 

 

 

A steering management system is a hardware and software system that enables the steering of a 
vehicle. With the increasing use of x-by-wire systems in modern vehicles, a steering management 
system is often used to refer to a steer-by-wire system and is sometimes more commonly referred to 
as such. A steer-by-wire system is an “advanced steering technique for adaptable steering and 
modularity which eliminates the need for a mechanical connection between the steering device and 
the steering wheel [34].” This is achieved by having sensors and actuators on both the physical 
steering wheel and the mechanical steering rack and wheels. Sensors on the steering wheel sense 
directional movement and feed it into the system. This information is then processed and commands 
issued to actuators on the wheels to turn in the appropriate direction [34]. This is different from 
traditional steering systems, as there are no physical cables or mechanical link between the steering 
wheel and the vehicle’s wheels.  

For this project, I will be building software for one ECU in the Steering Management System. 
However, it is advantageous to describe the Steering Management System in its entirety first in order 
to be able to understand how that ECU fits in the larger system. A similar steer-by-wire system for 
AUTOSAR has been documented by Chaaban, Leserf and Saudrais [33]. This project’s requirements 
will be based closely on their work but aim to build the system in X-MAN instead.  

 

5.1 Overview Of System To Be Built 

A simple steering management system essentially is composed of 3 main physical parts: the hand 
wheel or steering wheel, controllers and the road wheels of the vehicle. Sensors on the steering wheel 
detect the angle and torque provided by the driver and feed this data to the controllers. The controller 
combines that data with torque data from the wheels and makes the necessary calculations. The result 
is sent to the actuator attached to the wheel to turn it. Wheel sensors also detect the torque and angle 
of the wheel turn to be fed back to the controllers. This data is combined with the hand wheel torque 
as well as vehicle speed and is used to compute the amount of feedback to return to the hand wheel. 
The computed result is then sent to the actuator attached to the hand wheel to provide feedback to the 
driver to give the sensation of an actual mechanical wheel turn on different kinds of roads [33]. This 
general system architecture is depicted in Figure 5.1.  

The setup described above is fleshed out in Figure 5.2 for use in a real world steer-by-wire system. As 
can be seen from the diagram, there are 3 sensors on both the hand wheel and rack wheel connected to 
2 actuators on both sides as well. Additionally, there is a set of Steer Manager ECUs and a set of 
Wheel Manager ECUs. The duplication of sensors, actuators and ECUs are for contingency purposes 
in cases where the primary device fails. All the ECUs are connected to each other via two duplicated 
communication channels [33].    
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Figure 5.1: Basic architecture of a steer-by-wire system [33]. 

Each Steer Manager ECU is fed data from all three steer sensors and a vehicle speed sensor. The 
ECUs constantly check that the sensors are working properly and will send status updates if any of 
them fail. Each Steer Manager ECU is attached to its own steer actuator and is responsible for 
providing steering feedback and forwarding the sensor data to the Wheel Manager ECUs. Both Steer 
Manager ECUs perform the same functions but only the activated ECU actually controls the actuator 
to provide the feedback. The backup ECU does the calculations but does not control its actuator 
unless its status is changed to active due to a problem on the other ECU [33]. 

 

Figure 5.2: Hardware architecture of a steer-by-wire system [33]. 

This active-inactive backup architecture of the ECUs is used in the wheel manager ECUs as well to 
control the rack torque to turn the vehicle’s wheels. The Wheel Manager ECU is responsible for 
calculating the ammount of rack torque needed before sending the command to the wheel actuators. 
These ECUs also gather wheel torque data from its sensors to be sent back to the Steer Manager 
ECUs for feedback calculations [33]. 

Figure B.3 (in Appendix B) shows the software architecture of the steer-by-wire system. Inter-ECU 
connections have been omitted to keep the diagram simple. Each box represents a software 
component in the system. Sensor components are the interface to physical sensors just as actuator 
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components are the interface to physical actuators. As such, each sensor and actuator component in 
the diagram is connected to a respective sensor or actuator. These software components are then 
composed together to form the Steer Manager ECU and the Wheel Manager ECU. The Steer Manager 
ECU is composed of the steer sensor component and the steer manager component. The Wheel 
Manager ECU is composed of the wheel manager component and the wheel sensor component [33]. 
This composition is illustrated in Figure B.2 (in Appendix B). As this project’s aim is to build the 
Steer Manager ECU, I will focus only on the requirements of this ECU in the following segment. 

 

5.2 Steer Manager ECU General Requirements 

A steer-by-wire Steer Manager ECU should fulfil the following general requirements: 

 For the Steer Manager Component 
o Be able to constantly accept data from all steer sensors in order to determine sensor 

states and forward the sensor data to the next component for usage. 
o Be able to check the state of the other components in the steer-by-wire system to 

determine which ECU is activated. 
o Be able to get wheel angle and torque data from the Wheel Manager ECUs to help in 

calculating the amount of steering feedback needed. 
o Be able to perform its functions quickly and within an acceptable speed as per safety 

critical requirements. 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Diagram of inputs and outputs of the Steer Manager ECU system. Ingoing arrows on the 
left are inputs while outgoing arrows on the right are outputs. Note that the Steer Manager ECU 

contains the two top level components, Steer Manager and Steer Sensor which collectively perform 
the 3 functions shown. 

 For the Steer Sensor Components 
o Be able to constantly get angle, torque and vehicle speed data from the physical 

sensors at a regular interval or whenever there is a change. 

Wheel Manager ECU 1 Status 

Wheel Manager ECU 2 Status 

Steer Manager ECU 2 Status 
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Steer Sensor 2 Data 

Steer Sensor 3 Data 

Vehicle Speed Data 

Inter ECU Wheel Manager 1 Data 
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Calculate Steering Feedback 
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Steer Manager 1 ECU 

Steer Manager 1 Status To Steer Manager 2 

Steer Manager 1 Status To Wheel Manager 1 

Steer Manager 1 Status To Wheel Manager 2 

Inter ECU Data To Wheel Manager 1 

Inter ECU Data To Wheel Manager 2 

Command To Steering Feedback Actuator 
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o Be able to detect a failure in the physical sensor and update this information to the 
Steer Manager component immediately. 

o Be able to perform its functions quickly and within an acceptable speed as per safety 
critical requirements. 

The diagram in Figure 5.3 is an illustration of the inputs and outputs of the Steer Manager ECU and 
its core functions. It is based closely on the Wheel Manager ECU described in [33]. The X-MAN 
Steer Manager ECU design will need to accept all the incoming data, process it and produce the 
appropriate output as shown in the diagram. 

 

5.3 Initial Design 

Based on the initial requirements gathered, a draft design (Figure 5.4) of the Steer Manager ECU X-
MAN system was prepared. As the design is an initial draft, the components are relatively abstract 
and can be broken down more in further design updates and during implementation. This is desirable 
as smaller and more focused components are highly cohesive and reduce coupling. They are also 
easier to reuse. The components provide the following functionality or services: 

 Sensor Components – Get sensor data (angle, torque or vehicle speed, depending on sensor) 
from outside the system and format it for use in the system. 

 Formatting Components – Gets data (angle, torque or ECU status) from other ECUs and 
formats it for use in the system. 

 Check Sensor Status Component – Takes the sensor data as input and determines if the 
sensors are working properly. Provides the sensors statuses as output to other components. 

 Check ECU Status Component – Checks the status of the other ECUs to determine whether 
the current ECU will be activated. 

 Calculate Feedback Component –Takes the sensor data (torque, angle and vehicle speed) and 
calculates the steering feedback (angle and torque) for the actuator. 

 Actuator Component – Accepts as its input the feedback angle and torque and transmits this 
to its attached physical actuator on the steering wheel. 

 

5.4 Processes To Be Completed Next 

The next major steps to be completed are: 

 Filling out and confirming all requirements of the Steer Manager ECU. Requirements may be 
basic to start with and more features added on as the project progresses. 

 Finalize the initial design. The initial design should roughly indicate how the X-MAN system 
should look like, the kind of components needed and how they are composed together. 

 Determining what components are needed for the system and begin implementing them in X-
MAN. The interfaces for each component will need to be clearly defined. 

 Compose the components together to build the system and write test cases to ensure that it 
meets the requirements and functions properly. 

 Build the AUTOSAR equivalent system based on the designed X-MAN system. Possibly use 
Artop to design the AUTOSAR system and generate the code templates before filling them 
out with the same C implementation code from the X-MAN system. 
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 Test the AUTOSAR system in a simulator to ensure that it functions properly. 

 Demonstrate the systems to the project supervisor and document all findings in the final 
dissertation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Initial high-level design of the Steer Manager ECU System using X-MAN components 
and connectors. Similar coloured components are instances of the same component. 
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Appendix A 

 

 

Table A.1: Project Gantt Chart Showing Tasks To Be Done And Their Time Estimates 

 Jan Feb Mar Apr May Jun Jul Aug 

Preparation & Planning         
Develop project proposal         
Decide project topic and scope 
with supervisor 

        

Prepare Preliminary Report         

Gathering Requirements         
Background reading part 1 [N1]         
Background reading part 2 [N2]         
Gather Steering Management sub-
system specific requirements [N3] 

        

Prepare Progress Report         
Development & Testing         
Design system and components, 
implement in X-MAN tool 

        

Write functionality for components         
Write test cases, test and 
demonstrate system 

        

Map X-MAN system to 
AUTOSAR 

        

Port X-MAN component 
functionality to AUTOSAR 
components 

        

Test and demonstrate AUTOSAR 
system 

        

Documentation & Submission         
Prepare documentation         
Submit documentation to 
supervisor for review 

        

Final check of documentation         
 

 

 

Notes: 

[N1] component-based development, automotive software and software engineering in general 
[N2] X-MAN tool, AUTOSAR tool and C programming language 
[N3] Includes preparing state charts and diagrams if needed 

M [5] M [1] M [2] M [3] M [4] 
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Appendix B 

 

 

Figure B.1: CBD’s component life cycle and how it fits into the CBD’s system life cycle [21]. 

 

 

Figure B.2: Software components of the steer-by-wire system mapped onto 2 ECUs [33]. In this 

steer-by wire system, there are 2 sets of this setup. 
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Figure B.3: Software architecture of the steer-by-wire system. Connections between the two 

different kinds of managers (inter-ECU links) have been omitted for clarity [33]. 

 


