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Introduction 

1.  Motivation  

Embedded computer control systems (ECS) are computer-based systems, 
constituting subsystems in modern machinery for advanced automatic control, 
diagnostics, and monitoring [1]. Because of the dynamics under control, ECS differ 
from other general-purpose computer systems in the aspects of safety criticality and 
real-time. That is, failures in such systems could lead to injury or death of humans. 
Among other sources, a failure can be caused by violations of expected timing of 
executional behaviors, such as an uncontrolled jitter. From an implementation point 
of view, ECS should also obey some special constraints such as with respect to 
memory usage and power consumption.  

Embedded computer control provides machinery with new functionality and high 
performance that cannot be realized by traditional technologies alone (e.g., 
hydraulics and analog electronics). Due to the concerns with safety, pollution, and 
flexibility, ECS have become widely used in several areas including vehicles, 
avionics, and robotics.  For example, modern vehicular ECS range from braking and 
power-train control, to climate control, and to crash detection and mitigation 
systems. There is over the past decades an increasing trend towards higher-level 
functionality, formed by integrating existing ECS. One example of this is adaptive 
cruise control that utilizes a multitude of sensors and both power-train and braking 
control. 

Given increasing amount of ECS functionalities and expectations for high product 
qualities with short time-to-market and low cost, the success of complexity control 
and built-in flexibility turn out to be one of the major competitive edges for many 
industry products. In general, complexity is mainly a subjective attribute concerning 
the degree to which a system can be comprehended and communicated by the 
stakeholders (e.g., customers, engineers, and project managers). Problems due to 
unhandled complexity can for example be design errors, which in turn result in 
delayed product delivery, and increased development cost. Flexibility includes a set 
of attributes concerning the degree to which a system can be adapted and varied, 
encompassing other quality attributes such as versatility, reusability, and 
modifiability. This attribute is important for the reasons of customization, economy 
and time-to-market, and adaptation to technology changes.  

There are several system inherent factors making complexity management and 
flexibility engineering of ECS a challenging area. First, an embedded computer 
control system consists of subsystems and components of various types, such as 
application software, middleware and system software, hardware, as well as sensing 
and actuating devices. These system constituents are synergistically integrated by 
means of communications, synchronizations, resource sharing, and analytical 
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relationships such as in terms of functional dependencies and safety criticality. Due 
to the heterogeneity of system components and the multidimensionality of their 
relationships, the total “system content” may grow exponentially as the number of 
system functionality increases linearly. Further, the multidisciplinary nature of ECS 
adds to the system complexity by making cross-domain comprehension and 
communication difficult, hence a lack of system-wide perspective and coordination 
in decision-making. The development of ECS is multidisciplinary in the sense that 
the development requires a collaboration of several engineering disciplines, 
including automatic control, computer software, hardware, and mechanical 
engineering. Each design decision can have both intra- and inter-domain 
implications in terms of derived requirements or constraints. For example, changing 
a processor may lead to a different timing of software tasks, which will in turn affect 
the control performance and eventually result in totally different behaviors.  Finally, 
as “soft” quality attributes, system complexity and flexibility are generally difficult 
to parameterize and represent, hence difficult to verify and predict in design. In 
general, these attributes are determined by a combination of factors ranging from 
system and component characteristics, to capability provided by modeling and 
analysis tools, and to the insight and experiences of the developers. 

To cope with complexity and flexibility, one central issue is concerned with how to 
model the systems, providing a holistic system view that links various domain-
specific models and forms a common basis for comprehension, communication, and 
design decisions. Another issue is to devise corresponding engineering theories, 
enabling the assessments and predictions of complexity and flexibility in design. 
This is a necessity in order to include these attributes in system optimization such as 
in terms of multi-attributes tradeoff analysis. A third issue is about the modeling and 
analysis tools as well as flexible technologies such as middleware and 
communication systems, enabling complexity control and flexibility in engineering 
practices.   

This thesis focuses on the modeling and analysis aspects, aiming to form a more 
complete engineering basis for model-based design and optimization of ECS. It 
provides system models that help to raise the abstraction level of system design from 
a traditional technology based view to a “functional” oriented view, forming a basis 
for reasoning about system-wide concerns and quality evaluation before the 
implementation has been done. Such models distinguish between different system 
aspects, such as structure and behavior, function and technology, and content and 
context. The models are developed by extending concepts found in systems 
engineering, engineering design, and software engineering with embedded computer 
control specific concerns. Further, based on a fine-grained classification of 
component properties and operational relationships in ECS, a technique for 
measuring the dependencies of a system part with respect to other parts or the 
environment is also presented. Such dependencies are considered as the key factors 
affecting complexity control, concurrent engineering, and product flexibility. The 
measurement is based on parameters such as topology, frequency, and accuracy. 
Compared to other existing metrics, which are often implementation-technology 
specific and cannot be applied in higher-level design, this technique considers 
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system-level relationships and encompasses several ECS specific parameters such as 
timing accuracy.  

2.  Thesis Outline 

The thesis consists of this introductory part and five parts of results, referred to as 
Part A, B, C, D, and E.  

The next two sections (Section 3 and 4) of this introductory part describe some of 
the reasons behind this research and provide an overview of our approach and main 
results. Section 3 describes some typical problems in current engineering practices 
of ECS. Section 4 provides a brief summary of the state of the art technology 
targeting complexity control and flexibility of ECS, and a discussion of the 
possibilities of adopting related technologies from several other research 
communities, including systems engineering, engineering design, and software 
engineering, to complement the engineering basis of ECS. Thereafter, in Section 5, 
the research problems are presented. Section 6 describes our approach to solve the 
problems.  Finally, we summarize the research results and contributions in Section 7 
and conclude this introductory part with a plane for future work in Section 8.  

3.  Problems with State of the Practices 

The development of a system consists of the following major steps: specification, 
design, construction, unit testing, system integration and testing, and calibration. 
Normally, a system is decomposed into some subsystems, which can in turn have 
their own subsystems, components, as well as development cycle. Compared to 
other more traditional subsystems, ECS are subsystems that introduce a new 
dimension, i.e., targeting either an entire system or some specific subsystems 
identified from the physical decomposition. The development is also distinguished 
by its multidisciplinary nature. Depicted using the traditional V-life cycle, the entire 
system development shows a pattern of hierarchical-Vs, as depicted in Figure 1. The 
amount of sub-processes as well as the depth of the hierarchy normally depends on 
the degree at which subsystems can be developed by separate engineering teams or 
out-sourced. Today, out-sourcing is very common strategy in industry. It allows a 
company to focus on its core business and technology area and has advantages with 
respect to cost and efficiency. For example, European car manufactures do not build 
all of their system parts in-house. Instead, they to a large extent purchase control 
systems from subsystem providers such as Bosch and Siemens [2].  
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Figure 1. Example of hierarchical V-life cycles and system 
decomposition hierarchy. 

In engineering, modeling constitutes the primary means for system comprehension, 
communication, and analysis.  In the development of ECS, multiple modeling 
techniques are involved such as differential equations, dataflow diagrams, entity-
relationship diagrams, finite state machines, and task models. Most of these 
techniques differ in their contexts, contents, representations, analysis leverages, and 
tools.  One generic reason for this is that in system development the information of 
interest is generally process-dependent, i.e., varying between different design stages 
and refinement levels, and stakeholder-dependent, i.e., varying according to the 
viewpoints of stakeholders. It is seldom the case that one single modeling technique 
would be sufficient. Further, the multidisciplinary nature of ECS also means that 
domain specific modeling techniques are involved. Originating from different 
engineering domains and modeling approaches, these techniques are often dedicated 
to the analysis of particular quality attributes (e.g., control functionality, discrete 
behaviors, or scheduling) or the system implementation with particular technologies 
(e.g., Object-Oriented software). 

For the development of ECS, there are needs to integrate existing modeling 
techniques and to extend them with new modeling features. Integration means that 
traditionally implicitly coupled system models are explicitly linked and hence 
complete each other to constitute a more holistic system view. One example is the 
integration of Stateflow with Simulink in Matlab, allowing both event-based and 
time-based behaviors in a system functional specification. For a system wide 
integration of models and introduction of new features, a clear definition of the 
target system, of which the different aspects are articulated, organized, and 
represented by modeling, is necessary.  However, in current engineering practices, 
although the maturity varies, the system descriptions often appear as simple block 
diagrams. Such descriptions are often highly abstract and partial, e.g., covering only 
subsystems and their communications. Often, designers use software both as a 
representation of design and the implementation. Due to the limited expressiveness 
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of programming languages, this implies that a lot of information is missing, such as 
timing and safety assumptions. Also, it is often difficult to distinguish between 
functional solutions and emergent solutions of technology, and between trivial and 
critical features. 

Another problem in current engineering practices of ECS development is that the 
focus of modeling support is still on design of control functionality and the 
implementation aspect of computer software and hardware.  There is often a lack of 
explicit information concerning the design context of artifacts as well as their 
correspondences established in the design. This makes it difficult to trace the 
refinements of requirements and their assignments to solutions and to identify the 
dependences between different system parts. Especially, the descriptions of software 
and hardware are often directly based on technologies for generic computer systems. 
On the other hand, since such general modeling techniques do not provide a system 
model, it is up to the users to determine the completeness of descriptions. Issues that 
are of particular concern in ECS, such as functional semantics, timing constraints, as 
well as constraints on power consumption and memory usage are often not 
addressed explicitly. See e.g., [2] [4]. Due to the partial specifications of systems as 
well as the components, it is difficult or risky to make correct changes or to reuse 
solutions. As pointed out by Weber and Weisbrod [3], the complexity of systems 
resulting from increased use of electronics and software in automotive systems 
makes conventional text-processing insufficient. To this end, new ways for system 
documentation and description are necessary.  

UML has been increasingly used to support requirement specification and system 
modeling. There are also efforts to use formal techniques to further promote the 
correctness and consistency of system descriptions, such as pre-/post-conditions for 
interfaces and automata based languages for behavior synchronization. See e.g., [4]. 
However, the resulting descriptions are often difficult to understand and have many 
implicit assumptions. Often, the use of UML does not lead to a better system 
description and comprehension of ECS. One reason for this is due to the lack of 
well-defined semantics in general and ECS semantics in particular. Also, the 
problem is caused by UML’s origin in object-oriented design of generic software 
systems. In ECS development, not all stakeholders are familiar with UML notations. 
Further, there are also some practical difficulties when specifying ECS specific 
issues such as safety and technology constraints.  

Quality evaluation and prediction constitute another important aspect of 
engineering. Given the importance of flexibility related attributes of complex ECS, 
there is a need to support objective and repeatable measurement of such attributes in 
design, and hence to reveal conflicts and optimize system solutions with respect to 
multiple attributes.   

State of practice communication and middleware technologies (e.g., CAN and 
CORBA) enable software engineers to build distributed systems. However, 
flexibility related attributes are not always explicitly considered in the design. The 
structuring is often hardware-driven in the sense that system functions and their 
software programs are directly given by the hardware architecture. Often, changes 
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and reuse are restricted to ECU level. A new function also implies a new hardware, 
resulting in suboptimal or costly solutions with respect to the number of devices, 
cables, and power consumption.  

When flexibility related attributes have to be assessed, it is often done by qualitative 
techniques without well-funded theory, according to developer’s experiences. With 
partially modeled system, the results may not always be sound.  Another often used 
qualitative technique is scenarios, referring to use cases derived from the system 
requirements, such as a system upgrade scenario, a system modification scenario. 
The assessment is then performed by judging how the system under development 
satisfies such use cases. Still, the technique requires subjective judgment and the 
results are coarse, affecting the accuracy of system optimization.  When applied to 
large and complex products, such subjective methods are often not sufficient. Also, 
it is difficult to find out the key parameters and to predict the effects of design, 
hence difficult to find the points of improvement.  

The introductions of new technologies such as executable models/specifications, 
RCP (Rapid Control Prototyping), code generation, and HIL (Hardware-In-the-Loop 
simulation) have greatly improved the efficiency of ECS development. Such 
technologies reduce ambiguity in system descriptions and provide quick 
implementation feedback in design.  On the other hand, the current support is 
delimited to control functionalities and still at the late design stage [5]. Similar 
technologies have also been developed for other applications, such as the Telelogic 
TAU/Architect tool for modeling and simulation of telecommunication systems. 

4.  Partial Solutions in State of the Art Research 

Possible solutions to provide a more “complete” basis for engineering ECS can be 
found in several research communities, which are related either because of their 
focus on general systems and system development or because of their focus on some 
particular implementation aspects of the system. Each of these approaches has 
important benefits. At the same time, each has weaknesses meaning that an 
approach cannot, alone, provides sufficient support for the development of ECS.   

4.1 Systems engineering  

One possible solution to improve current engineering practices of ECS development 
is to apply concepts, methodologies, and techniques from systems engineering.  
Originally created to support the development of complex space and weapon 
systems, systems engineering is concerned with the design and analysis of the 
system as a whole as well as the management of (multidisplinary) activities and 
decisions in the process. Because of its broad range of concern, systems engineering 
is related to many other fields such as requirements engineering, concurrent 
engineering, systems theory, total quality management, and decision analysis. See 
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e.g., [6] [7].  Over the years, many definitions have been proposed. In INCOSE [8], 
it is defined as an interdisciplinary approach and means to enable the realization of 
successful systems. Some other definitions address the methodology and process 
aspect, i.e., how to integrate the disciplines and specialty groups into an integrated 
and balanced technical and team effort, such as in MIL-STD-499B, IEEE P1220, 
and ISO/IEC 15288. Others emphasize the techniques required to support design 
and to ensure a balanced satisfaction of customers needs throughout a system's 
entire life cycle, such as modeling, requirement analysis, functional decomposition 
and allocation, tradeoff analysis, and optimization. See e.g., [7]. One recent effort 
from INCOSE is to develop a systems modeling language (i.e., SysML) for rigorous 
transfer of specifications and related information among tools used by systems, 
software and hardware engineers, by extending and customizing the coming 
UML2.0 notations.  

Systems engineering employs a top-down iterative and parallel process paradigm for 
system development. One overall description is the SIMILAR process model, given 
by Bahill and Gissing [9] based on a study of similarity between different 
approaches.  See Figure 2. The term SIMILAR is formed by the acronyms denoting 
the major steps: State the Problem, Investigate Alternatives, Model, Integrate, 
Launch the System, Assess Performance, and Re-evaluate. This process model 
highlights some important concepts of systems engineering: distinction of 
mandatory and preference requirements, evaluation of alternative designs, use of 
models both for process management and for system design, modularity 
considerations in system integration, quality and feasibility assessment, and use of 
feedbacks from other design steps for decision making. Compared to the previously 
mentioned V-lifecycle model, the systems engineering process is not sequential, but 
parallel and iterative. It is applied to the development of an entire system or its 
subsystems. One particular aspect of systems engineering is systems architecting, 
referring to the process and techniques for structuring a system while balancing 
different customer needs and technologies [10]. Compared to systems engineering in 
general, systems architecting mainly targets the upper levels of a system 
development process. 
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Figure 2. The SIMILAR process model [9]. 

There are several potential benefits of applying concepts and general techniques 
found in systems engineering for the development of ECS, covering issues such as 
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process management, system modeling and optimization. It helps to change the 
traditional control functionality and implementation technology oriented view of 
ECS to a systems-oriented view. By explicitly distinguishing between functional and 
implementation aspects of systems, it is possible to define the roles of heterogeneous 
models with respect to the entire system and hence their interfaces and 
synchronizations in system development. Moreover, such a system-oriented view 
also provides a vehicle for cross-domain comprehension and communication as well 
as for analysis of overall system qualities. By explicitly considering all significant 
quality attributes and their refinements in design and performing multi-attribute 
tradeoff analysis throughout the design, it is possible to evaluate and optimize a 
system before it is fully implemented.  

On the other hand, applying systems engineering to the development of ECS is not a 
trivial task. As an approach targeting systems in general, systems engineering adopts 
a very high level understanding of systems.  Regardless of their domains, systems 
are reasoned about in terms of a set of abstract components, as well as their 
properties and relationships. At this abstraction level, for example, a river system, a 
machine, and a management system are all the same. The very generality of system 
comprehension means that, without defining the semantics of components and 
relationships, it is difficult to apply the systems based approach for ECS other than 
for requirement engineering and system conceptualization. The lack of ECS specific 
semantics also means that the complex dependencies of system components become 
impossible to control. Moreover, a system may be inadequately specified, ill-
structured, and descriptions become inconsistent as design proceeds.  

One central theme in systems engineering is trade-off analysis. A tradeoff analysis is 
an analytical method for evaluating and comparing system designs based on 
stakeholder-defined criteria, performed throughout the engineering process in order 
to resolve conflicts and to optimize the solutions [7][11][12]. It is carried out by 
assessing the FoMs (Figures-of-Merit), i.e., “utility” values to measure the 
fulfillment of customer demands, e.g., a performance figure can be given as 
“computation delay in [9, 10] ms”. For the purpose of comparison, FoMs constitute 
the inputs (i.e., domain variables) to decision-making functions (i.e., scoring 
functions) to obtain a normalized score. To this end, FoMs are preferred to be 
quantitative and objective. For qualitative attributes, it is suggested in [7][11] that 
the system developers should either find out measurable quantities to convey the 
required information, or refine such attributes to other quantitative attributes. 
Objectivity means that the measures should be observer-independent since the 
subjectivity is often the source of bias and error. Unfortunately, no direct support 
has been provided by systems engineering in the area of quality measurement, 
especially for ECS. While focusing on the methodology and formal techniques for 
combing data, it is assumed that domain engineering should solve the problem. 
Thus, to support engineering practices, there is a need to combine the trade-off 
analysis method from systems engineering with domain knowledge. 
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4.2 Engineering Design 

Another approach that can be applied to improve the development of ECS is 
engineering design. As a discipline of design, engineering design provides theories 
and techniques to support effective creation of products fulfilling customer needs. 
One central concept is concurrent engineering, where different tasks such as product 
design, manufacturing, and support run in parallel. See e.g., [13]. The basic idea is 
to make the expertise traditionally associated with a specific stage of development 
process (e.g., one stage in the V-lifecycle) available at every stage of product 
development. After being introduced in industry, concurrent engineering has 
resulted in great improvements to product quality, process efficiency scheduling, 
management, and development cost. For historical reasons, engineering design is 
mainly applied in the developments of physical products such as in mechanical 
engineering. Except this respect, engineering design is close in nature and approach 
to systems engineering.  

There are many theories of engineering design, such as Axiomatic Design [14] and 
Quality Function Deployment (QFD)[15], Systematic Design Approach[16]. Most 
of these theories consider design as an information processing activity and 
emphasize the importance of a systematic approach to design and documentation. 
The process is characterized by a combination of selections of means (i.e., the 
“hows”) to satisfy objectives/ends (i.e., the “whats”). To specify the roles and 
obligations of implementation means such as technology specific subsystems or 
components, an implementation detail independent product description, referred to 
as functional description or function, is often used. For example, in Axiomatic 
Design [14], system development is described by four general domains. See Figure 
3. In the order listed, the elements contained within each domain are customer needs 
(CNs), functional requirements (FRs), design parameters (DPs), and process 
variables (PVs). In addition, there are Constraints (Cs) that set bounds on acceptable 
solutions. The process begins by inputting information about needs and constraints 
and then maps them to the consequent domains until the manufacturing process has 
been specified.  
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Figure 3. Four domains of Axiomatic Design, where “{    }” denotes 
the characteristic vectors [14] 
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Engineering design theories provide techniques (often referred to as design tools) for 
setting up a model of a product, i.e., a top-down hierarchical description of the 
product in terms of means-end/objective tree. Such a system description provides a 
good overview of products with respect to the design refinement and helps to 
organize information and to trace design decisions and eventual problems. For 
example, in QFD [15], a set of matrices or charts (referred to as House of Quality, 
see Figure 4) is provided to document qualities introduced into the early phases of 
the design cycle and their allocations throughout the entire product lifecycle. In 
Axiomatic Design, a set of design matrices is used to document the mapping 
between domains from customer needs to process variables.  
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Figure 4. Key content of “House of Quality” [15]. 

While evolved from the production of physical products, most of the theories are 
quite general and valid for the development of ECS. It is possible to make ECS 
development a more disciplined engineering approach, taking into account several 
important issues of system development such as time-to-market, total quality, 
concurrent engineering and organization of multidisplinary teams. For example, by 
means of a function-based view of systems, it is possible to emphasize the essential 
natures of systems and form a domain/technology detail independent common 
system representation. The documentation of means-ends traceability provides 
support for error avoidance, reuse, change management, and coordinating design 
activities across engineering domains.  

On the other hand, because engineering design theories focus on the process and 
information management, they assume that domain knowledge is provided for 
comprehending a product and for making the design decisions. In other words, 
methods for modeling systems and for determining the dependencies between the 
system functions, subsystems, and components are required to improve quality 
during product and process development [17]. For example, QFD provides support 
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for documenting the allocations of customer demands to product  “quality 
characteristics”, but requires inputs from domain knowledge to determine product 
quality characteristics as well as the allocation. (The quality characteristics measure 
the satisfactions of customer needs in the same way as figures of merit in systems 
engineering). When dealing with product quality assessment and solution tradeoffs, 
the focus is often on the subjective aspect such as teamwork and brainstorming.  

4.3 Software Engineering 

In ECS, software constitutes the primary means of embodying and implementing 
system functionality. This is for many reasons an important characteristic of ECS. 
For example, a software-based implementation, together with underlying computer 
hardware and other electronic devices, provides the automatic control with new 
design freedom and precision by relaxing the constraints in traditional technologies, 
such as hydraulics. This also makes it possible to achieve other intellectual 
properties (IP) relating to human-machine interfaces and machine-machine 
communications. Moreover, a software-based implementation has many advantages 
with respect to modification and production due to the insensitivity of software with 
respect to physical constraints such as weight and geometric form. For example, 
production and transportation have extremely low cost; modifications can be 
performed quickly by changing code. On the other hand, software descriptions by 
nature have little expressive power with respect to other system features than 
computation logics and instructions for managing hardware operations. Its inherent 
flexibility can also have many negative effects.  Leveson [18] has identified several 
software traps such as the ease of making major and frequent changes, building 
unnecessarily complex software, and attaining seemingly partial success. Therefore, 
how to describe, design, and manage this “primary” system implementation means 
becomes critical issues that affect the success of complexity control and built-in 
flexibility for large and complex ECS.  

To improve the current engineering practices of ECS development, one field of 
software engineering becomes of particular interest – software architecture. In 
general, software architecture is concerned with the design of overall software 
structures, and hence constitutes a basis for documenting software systems, 
verifying and balancing the satisfactions of multiple quality goals before coding, 
guiding system construction, reuse, change, and maintenance, as well as facilitating 
comprehension and communication [19][20]. This branch of software engineering 
emerges as an effort to shift software engineering from a traditional focus on coding, 
testing, and debugging to a disciplined engineering approach. 

Considered as a cornerstone in the development of complex software systems, 
software architecture adopts many concepts from systems engineering and system 
architecting. It assumes a top-down iterative system development approach and 
targets the early lifecycle stages. The structures constitute the means for raising the 
levels of abstraction, representing major system parts, their key properties and 
relationships and hence system in the large. To control the complexity in system 
representation, software architecture exploits the concept of views to separate 
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concerns and organize models.  One well-known example is the “4+1 view model” 
of software architecture by Krutchen [21], which has influenced the organizations of 
diagrams in UML. Views can also be defined according to the perspectives of 
information users, such as customers view, safety view, and maintenance view [22]. 

To improve architecture description from informal “box-and-line” diagrams, several 
architecture description languages (ADLs) and tools have been proposed, such as 
ACME[23], Wright[24], and Rapide [25]. (See Part III in the thesis for more 
details). There are also efforts to support architecture description using object-
oriented design notations, e.g., in Rational ROSE RealTime [26]. Some of these 
architecture description languages aim to support software construction and hence 
are linked directly to the underlying programming languages. Others also provide 
support for architecture-based quality analysis by providing formal behavior 
semantics. For example, in the Rapide architecture description language, one model-
of-computation (i.e., timed partially ordered sets of events (poset)) is used to specify 
event traces and thus to support model-based analysis of behavior and performance. 
Many concepts from software architecture description languages are adopted in 
UML2.0 Standard [43], which is currently under development. 

Software architecture normally uses subjective techniques for assessing flexibility 
related attributes such as modifiability and maintainability. It is motivated by the 
fact that, at this level of design, no code details are available. For example, in the 
SAAM (Software Architecture Analysis Method) by Kazman et.al. [27], scenarios 
have been used to concretize these non-functional requirements. The evaluation is 
then performed by running the scenarios on architectural solutions and voting to 
rank their satisfaction. The same technique is used in the software architecture 
tradeoff analysis method, ATAM (Architecture Trade-off Analysis Method) [28]. 
The purpose of these methods is not to provide precise evaluation, but to discover 
risks and dependencies of architectural decisions. 

To systematize previous design experiences and guide design decisions, software 
architecture also codifies the key aspects and common features of existing solutions 
into architecture styles [20] [29]. A style is a rough structuring solution with some 
constraints concerning the roles of parts, their interfaces and interactions, or the 
topology. Each style has some benefits and drawbacks of use. For example, in a 
layered style, a system is decomposed into a hierarchy ranging from application- to 
implementation-specific software. This style streamlines the interactions by 
prohibiting interactions between nonadjacent layers, hence promoting modifiability 
but probably increasing execution overheads.  

To ensure the success of reuse, the target of software architecture has been extended 
from a single product to an entire product family, referred to as product lines. See 
e.g., [30]. A product-line-architecture (PLA) characterizes the commonality across 
multiple products with respect to both requirements and solutions, hence forming a 
basis for reusing architecture, components, and tools, and defining “cross-vendor 
integration standards”.    
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From an ECS point of view, software architecture constitutes the interface between 
the system functional solution and its software-based implementation.  It provides a 
means for explicitly specifying and documenting the relationships between 
functional solutions and software solutions, such as relating to function allocations, 
property mappings, and functional semantics of software programs. An explicit 
consideration of software architecture also helps to take into account the 
implementation specific considerations early in system design. This makes early 
integration and quality verification possible, and hence provides a new opportunity 
for system optimization. The benefit of applying the software architecture becomes 
even larger when software has to be considered alone, such as in the cases of 
maintenance, reuse, integration of COTS, and component management. An explicit 
architecture helps to identify the contexts of software components by distinguishing 
between functional and technology specific dependencies, critical and non-critical 
component properties, global and local obligations, etc.  

While still on its way of maturing, the focus of software architecture is traditionally 
on software systems for general applications that are not time- and safety-critical 
and normally have less restricted resources (e.g., on PCs). Due to this application 
specific contextual difference, many of the technologies (e.g., languages and styles) 
are not directly applicable to ECS without adaptation. For example, the lack of 
support for system functional semantics, such as the physical unit and range of data 
variables, makes specifications of software component incomplete. Also, many of 
them are delimited to the aspects of commonality management, procedural 
interfaces and behaviors such as by means of object-oriented technologies, 
considering timing, concurrency, and safety as low level issues. While adopting 
concepts from systems engineering (e.g., figures-of-merit and sensitivity points) for 
tradeoff analysis, the methods SAAM and ATAM from software architecture do not 
aim to support system optimization, but focus on initial risk and dependency 
assessment of architectural decisions. The lack of objectivity and formality means 
that there is little guidance for predicting effects of design and making 
improvements.  

Another emerging field of software engineering of interest is Component-Based 
Software Engineering (CBSE), aiming to support the reuse and integration of 
existing solutions. CBSE has proven effective in generic software domains. 
However, current CBSE technologies do not directly support software in ECS. One 
reason for this is that existing approaches mainly target generic software systems 
and focus on the implementation aspects such as packaging of binary components 
and middleware for interoperability (e.g., CORBA and EJB) normally using Object-
Oriented technologies [31]. Currently, several research efforts are devoted to 
extending CBSE for embedded systems; see e.g., [32]. 

4.4 Engineering of Embedded Computer Control Systems 

IEEE [34] defines an embedded computer system as a system that is part of a larger 
system and performs some of the requirements of that system. In this view, 
engineering of ECS can be defined as a system engineering discipline dedicated to 
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the application area of embedded control. However, due to its wide application area 
and usage of a broad range of technologies, there is currently not a clear boundary 
between its core engineering content and supporting technologies. The methodology 
support is still rather weak [33]. The following discussion will be based on the target 
applications of approaches, not on their origins of research communities.  

In the development of ECS, most of the subsystems engineering activities such as 
design of automatic control and real-time scheduling schemes use models for 
problem descriptions, analysis, synthesis, and optimization. However, the lack of 
formalization and systematization associated with overall system description leads 
to problems in system comprehension, integration of technologies, and process 
management. In order to cope with these problems and hence to support quick time-
to-market, high quality, and low cost, support for system-level model-based-design 
constitutes a new trend of ECS development [33]. Compared to traditional 
approaches characterized by extensive testing for quality verification, this approach 
aims to make ECS development more systematic, supporting issues such as 
documentation of design and explicit architecture for comprehension, early quality 
verification and error detection, exploration of solution alternatives and system 
optimization. In fact, the concept of model-based-design is not new and can be 
found in many mature engineering disciplines, such as civil and mechanical 
engineering. 

Over the years, the technological basis for model-based-design of ECS has gradually 
been improved. There are several directions of research efforts. An important 
advancement is the techniques for integration of heterogeneous models in the area of 
computer modeling. One example is the language and tool developed by the 
Ptolemy Project at Berkeley [35]. It supports model-based analysis and simulation 
through the use of abstract “platforms” that provide semantics for components and 
interactions by managing and integrating a variety of models-of-computation, such 
as discrete-time, state-machines, synchronous message passing, and discrete-event 
models. Compared to approaches that extend generic modeling techniques (e.g., 
extensions of UML), this approach supports a much richer set of concurrency and 
communication schemes. Another important advancement is the technologies of co-
designs, aiming to reveal various cross-domain dependencies in ECS (e.g., effects of 
feedback delay jitters and data loss on control performance).  One example is the 
OCASIM tool by Airbus which support co-simulation of control functions and its 
implementation in a synchronous model of computation, taking into account 
emergent timing features such as sampling and communication delays [2]. Another 
example is the research tool set developed by the AIDA project at KTH [36], which 
supports the co-design of control design and task scheduling. There are also many 
tools for software and hardware co-design. For example, the VCC tool by Cadence 
[37] provides support for decisions like hardware to software partitioning at early 
stages of automotive ECS design based on criteria of speed, power consumption, 
and cost. A more detailed survey of this area can be found in [38] and Part III of this 
thesis. 

However, methodology on how to determine the required modeling content and how 
to separate various concerns and characterize their dependencies for complexity 
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control is still weak. For example, although providing very good support for 
interoperability of heterogeneous components, Ptolemy does not distinguish 
between functional and implementation components, as well as different levels of 
design refinements.  

One exception is the work of Parnas and Madey [39]. They provide a definition of 
the key system contents to be modeled for model-based-evaluation in terms of a set 
of “documents”: System Requirements, System Design, Software Requirements, 
Software Modules, Data-flow, Protocol Design, and Chip Behavior. Parnas and 
Madey address the importance of overall system description and modeling of the 
environmental aspect. While the System Requirement Document provides a “black-
box” description of environmental quantities to be measured or controlled and their 
relations such as physical constraints, the System Design Document describes the 
computers and peripheral devices within the system, their inputs and outputs, 
properties, communications, and relationship with the environmental quantities. The 
Software Requirements Document is a specialization of System Requirements and 
System Design Documents for the contained software and can be further refined to 
include a Software Behavior Specification.  To allow model-based evaluation, most 
of these documents have to be defined using mathematical or formal techniques 
such as mathematical relations, abstract event traces, and state execution traces.  

Leveson [40] provides an even broader perspective on modeling support for safety 
critical software systems. By taking into account a wide range of issues relating to 
systems theory, cognitive psychology, and human-machine interaction, a system 
modeling methodology, referred to as “intent specifications”, has been proposed. It 
addresses four key aspects of system modeling: Process – means-ends traceability, 
analysis of current design, and synthesis of subordinate design; Content – contained 
semantic information; Structure – management and organization of information for 
the purpose of usage; and Form – actual notation or format of information 
representation. To determining an appropriate modeling support, these four aspects 
have to be examined in order. While the first aspect defines the goals or tasks of 
modeling, the other three aspects determine if a modeling support can serve as an 
effective-medium for decision-making. The content aspect is considered as a very 
critical issue of modeling, justified by the “out of sight, out of mind” phenomenon 
observed from cognitive psychology studies. That is, the problem-solving 
performance of human can actually be impaired with incomplete models that are 
thought as a comprehensive and truthful representation.  In particular, it is suggested 
that one theoretical basis for determining the completeness of modeling content is 
the basic system theory, which provides perspectives of systems in general. To 
ensure consistency of different system representations (i.e. views) and support 
communication, it is necessary to define a common system specification that defines 
the system boundary, components, component behaviors and their composition to 
form the whole, and the intents forming the rationale of system.  

Other recent efforts also indicate the importance and awareness of exploiting 
concepts from systems and architecture in the development of ECS.  For example, 
Keutzer et al [41] discuss the importance of distinguishing between functional and 
implementation aspects of systems and balancing their optimizations by process 
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measures. They use “platforms” to form a fixed interface between function 
modeling and implementation and support parallel development of implementation 
and functions. Thiel and Hein [42] adopt a product line approach to develop 
“platforms” for managing variability and changes. In the EAST-EEA (ITEA) project 
[44][51][52], an architecture description language for the embedded electronic 
architecture of automotive systems is currently under development, covering most of 
the issues discussed above. 

Today’s methodologies and tools for ECS do not support systematic assessment of 
modularity except resource-driven partitioning and allocation considerations.  This 
is probably due to the lack of a common definition of the systems and hence the key 
parameters that determine dependencies of components. Another reason is that the 
focus in the area of flexible ECS is still on the middleware technologies. There are 
two directions in this area. While some efforts aims to enable integration of different 
execution and communication schemes and adaptive configuration for quality of 
services (e.g., Hades [45] and Armada[46]) others focus on resolving heterogeneity 
and distribution of components and supporting dynamic configuration (e.g., TTA 
[48], Real-time CORBA [49], and Simplex [47]). It is supposed that system designs 
are already properly structured and modularized before being mapped onto these 
technologies. 

5.  Research Questions 

To manage the increasing product complexity and meet the needs of quick time-to-
market, high product qualities, and low cost, it is necessary to extend ECS 
engineering from its traditional focus on enabling technologies to an engineering 
discipline of system development. To this end, this thesis aims to answer the 
following two fundamental questions. 

Q1. What should be provided to form an integrated view in the multidisciplinary 
engineering context and to support the incorporation of useful technologies from 
other engineering and research communities? 

Q2. How can we assess flexibility related attributes inherent in early architectural 
solutions in a more precise way in order to support early system optimization 
and guide improvements? 

As we have discussed, one major problem in current engineering practices of ECS is 
the absence of a clear description of the overall systems. The comprehension and 
integration of components are often hampered by the incompleteness of information 
and the lack of separation of concerns. In particular, design changes and exploitation 
of “components” become difficult or risky due to the inability to characterize 
component dependencies and impacts of changes. Also, this makes it difficult for us 
to manage and integrate techniques from other engineering disciplines and to 
improve the process efficiency. 



 31 

Therefore, to answer the first question (Q1), we have attempted to provide high-level 
system models and define the semantics by taking into account ECS specific 
concerns. These ECS abstractions follow the basic systems concept that is also 
embedded in systems engineering, engineering design, and software architecting, 
The considerations are: 

• By raising the levels of system descriptions to the fundamental concepts of 
systems, it is easier to obtain system overviews and to identify the system-wide 
roles and dependencies of individual efforts, hence to form a more solid basis for 
specifying and streamlining system solutions, engineering technologies and 
activities in the development of ECS.  

• By providing ECS semantics to the generic systems model and software 
architecture, it is possible to bridge the contextual gaps between ECS 
engineering and other closely related engineering communities by clarifying 
their similarities and differences, and hence to identify and incorporate useful 
principles, theories, and techniques for improving ECS development.  

In order to develop such system models, we have to answer the following questions: 

Q1.1 – relating to system components: What are the fundamental components 
composing the systems? What are their key properties? What are the additional 
properties of software in ECS?  

Q1.2 – relating to the systems as a whole: What are the key aspects and abstraction 
levels of the systems? What are the relationships between different aspects, 
levels, and components? What are the additional relationships of software in 
ECS that affect their compatibility?  

Currently, little support exists in this area of quantitative assessment of flexibility 
related attributes. Existing approaches are either restricted to detailed 
implementations or based on subjective judgments without taking into account ECS 
specific concerns. To answer the second question (Q2), we have attempted to 
provide metrics that quantify the dependencies between components based on the 
systems model of ECS. In order to provide such a metrics system, we have to answer 
the following questions. 

Q2.2 – relating to dependency metrics: Which system parameters are the 
contributing factors of components dependency? How can we quantity these 
parameters? How can we combine such parameters to measure the strength of 
dependencies? 
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6.  Research Approach  

This research has been conducted in a spiral process, as depicted in Figure 5. It 
follows the paradigm of engineering by addressing the exploitation, adaptation, and 
integration of theories found in systems engineering, engineering design, and 
software engineering for the development of ECS.  
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Figure 5. A spiral traced research, where blocks represent the 
major research outputs. 

In addressing the research questions, one major focus of this work is on the ontology 
of embedded computer control systems, aiming to find and structure overall 
concepts and definitions for the content and context of ECS. Due to the promises 
provided by software architecture for complexity control and built-in flexibility, the 
first phase of this work was to find an appropriate architecture definition for the 
software of ECS (i.e., answering questions Q1.1 and Q1.2 for the software). This 
included a state of the art study on this sub-discipline of software engineering, an 
investigation of our understanding of ECS systems based on the AIDA project [38], 
and a collection of our experiences on providing flexibility for embedded computer 
control software gained from participating in the OSACA (EU-Esprit) project  [50]. 
The AIDA modeling framework covers some important software parameters relating 
to control functionality and implementation timing. The OSACA project aims to 
support interoperability, portability, scalability and interchangeability of control 
software in machine tools, based on a reference architecture for such applications 
and a software platform consisting of a communication system and a configuration 
system. These studies converged to a software architecture model, aiming to 
complement generic software architecture models with ECS specific key properties 
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and relationships and hence merging the semantics gaps between embedded 
computer control software and generic software applications. 

Since ECS is essentially not a software system but a system with software as the 
primary functional embodiment means, one major effort in the second phase of this 
work was to find out an ontological definition for ECS as a whole (i.e., answering 
questions Q1.1 and Q1.2 for the entire system).  The effort started by an 
investigation of current modeling techniques to classify their modeling content, 
context, representation, and tool support. Another purpose is to evaluate and refine 
our concepts of systems and modeling, represented as a modeling framework where 
the software architecture model is embodied. Also, this study was intended to 
provide inputs concerning current modeling techniques to the development of a new 
architecture description language in the EAST-EEA (ITEA) project [51][52], which 
is a European initiative to open embedded electronic architecture for automotive 
systems. Thereafter, this work proceeded to develop a more objective and formal 
definition of ECS, aiming to reduce the ambiguity and support formal reasoning of 
systems. 

At the same time, a literature study on engineering design ([14]) and systems 
engineering ([7]) was also performed. Based these inputs and our previous work on 
modeling and software architecture, a more precise systems model was developed. 
This made it possible to answer the research question Q.2.1. The effort started by 
classifying patterns of dependency in ECS. Then, a metrics system was developed to 
identify related system parameters and combine these parameters into dependency 
measures. 

7.  Contributions and Thesis Summary  

The primary contribution of this thesis is that it has laid a foundation for making the 
development of ECS a more disciplined engineering approach. The five parts of this 
thesis in different ways provide support for obtaining holistic and common views on 
the systems, and promoting collaboration with related fields of engineering research 
in the areas of process management, complexity control, exploitation of 
components, and system optimization. Especially, the five parts of this thesis make 
contributions in the following four subjects: 

• To software design (Part A, B): Providing a foundational concept of embedded 
computer control software architecture by extending generic software 
architecture concepts with additional design dimensions, levels, and parameters. 

• To model-based system design (Part C): Providing a well-structured specification 
of modeling features in a larger ECS engineering context, and codifying various 
modeling concepts and patterns.  
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• To systems specification (Part D): Providing a domain specialized ontology of 
systems and a practical means of precisely parameterizing concerns.  

• To quality analysis (Part E): Extending the scope to cover flexibility related 
attributes by identifying system parameters contributing to modularity and 
providing a practical means of quantifying this attribute in high-level design. 

7.1 Part A: Architecture for Mechatronics Software Systems – 
A Survey of Related Concepts, Theories and Methods 

The first part, Part A, provides a survey of key concepts of software architecture 
from software engineering, which constitute the initial point of this research and 
have affected and inspired it in many ways.  

It investigates many fundamental issues in the development of software systems, 
including incremental design, characteristics of requirements, definitions of software 
architecture and software components, architecture modeling and analysis, styles, 
etc. Further, three solution architectures (i.e., OSACA, Simplex, and TTA) are 
described in order to show the role of structuring for system qualities in the large. 
This study codifies various concepts, theories, and methods in software architecture 
and discusses their advantages and weaknesses for ECS.   

7.2 Part B: Towards a Framework for Architecting 
Mechatronics Software Systems 

Part B presents a software architecture model for embedded computer control 
software systems, resulting from our early effort to adopt the concept of software 
architecture for embedded computer control software systems. 

Software architecture follows the basic systems concept and defines the architecture 
as a set of structural entities and relationships. However, due to the application 
specific contextual difference, it often does not take into account system features that 
are of vital importance for ECS, such as timing, concurrency and synchronization, 
and system functional semantics. Instead, technologies developed in the domain of 
software architecture normally focus on the commonality and procedural aspects of 
software systems. Since an explicit architecture is important for complexity control, 
structuring, and creation and integration of components, there is a need to extend or 
refine software architecture from its generic application based view to an embedded 
computer control based view. 

The software architecture model presented in this part further develops the basic 
software architecture model proposed by Perry and Wolf [54]. It consists of a multi-
dimensional expansion of the design space, followed by a multi-layered refinement 
hierarchy, together with many ECS specific semantics and relationship. See Figure 
6. It helps to ensure that all important system aspects and features are taken into 
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consideration when reasoning about software architecture and components for 
embedded computer control, and to properly separate and organize the concerns. As 
a natural consequence of the architecture model, we also developed a design guide, 
called decision model, to support basic reasoning of flexibility improvements for 
embedded computer control software. 
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Figure 6. Key concepts in the software architecture model.  

7.3 Part C: A Modeling Framework and Survey for Embedded 
Computer Control Systems 

Part C presents a framework for characterizing and comparing modeling techniques 
and a study of 12 modeling approaches covering different levels of design and 
disciplines. 

Modeling constitutes an indispensable part of engineering, forming an important 
basis for documentation, comprehension, and decision-making. Due to the inherent 
multidisciplinary nature of ECS and the need for complexity control, a variety of 
models and modeling techniques can be exploited to support the development. 
Currently, an increasing amount of modeling languages and tools, which can be 
more or less related ECS, have been built in different research communities. As a 
consequence, one central problem for ECS developers is to identify, integrate, 
manage, and further develop appropriate modeling supports. To this end, a model-of-
modeling, referred to as modeling framework, is necessary to define important 
modeling issues of ECS and provide necessary perspectives. There are a number of 
existing modeling frameworks. However, the lack of considerations of embedded 
computer control specific issues both in systems and in the development context 
limits their usefulness. 

The modeling framework presented in this part aims to constitute a basis for 
supporting model-based system development of ECS and developing new modeling 
techniques. The framework defines important modeling factors, classified into 
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content, context, representation and tool support, based on a generic concept of 
systems and an identification of fundamental roles of modeling (see also Figure 7). 
The content factors characterize predefined system abstractions in a modeling 
approach with their properties and relationships. The context factors profile each 
modeling approach with respect to the targeting design and quality analysis, which 
provide some fundamental constraints on modeling such as of completeness, 
consistency, and management of information history. The representation and tool 
support factors characterize user support. The framework has been evaluated and 
refined by surveying and comparing existing modeling techniques, covering 
different levels of design and disciplines. It has shown to be useful as a basis both 
for the evaluating of new modeling techniques and for understanding existing 
modeling techniques [53]. 
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Figure 7. Roles of modeling in system development. 

7.4 Part D: A Systematic Approach for Identifying Operational 
Relationships in Embedded Computer Control Systems 

Part D presents a meta-level systems model for ECS and a fine-grained classification 
of relationship patterns established by communication, synchronization, and 
implementation in the system solutions. 

In ECS, software components constitute the embodiments of functional modules. To 
modularize the design and to create and integrate software components, a more 
precise modeling of systems and a more exact knowledge about components are 
necessary. Incompatibility of software components usually arises due to the lack of 
exact knowledge about the system context in which the components exist, such as 
their system wide functional assumptions and concurrency inherent in the functional 
solutions. However, little support exists in this area. Existing system models and 
modularity metrics such as coupling and cohesion are often either too general or too 
specific by targeting only a specific implementation technology. Component-based 
software engineering (CBSE) aims to support the development of systems by 
integrating existing solutions, hence reducing complexity and increasing efficiency 
of system development. However, current CBSE technologies are still insufficient 
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for ECS software because its focus on the management of binary components and 
middleware technologies for interoperability. 

The meta-system model presented in this part of thesis evolves our previous work on 
modeling and architecture. It provides a more objective definition of systems content 
and a more precise description using basic set theory. (A short summary can be 
found in Part E). Figure 8 depicts the concept behind the meta-model. Based on a 
system definition, various operational relationship patterns inherent in ECS 
functional solutions have been derived and specified. These relationships patterns 
contribute to varying dependencies of system modules. This work forms a basis for 
our next work on dependency measurement for ECS modularity. 
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Figure 8. An illustration of means and aspects in the solution 
domain of embedded computer control systems.  

7.5 Part E: A Metrics System for Quantifying Operational 
Coupling in Embedded Computer Control Systems 

Part E proposes a technique for quantifying the operational coupling in embedded 
computer control systems. 

One of the most challenging problems in the areas of high-level quality assessment 
and multi-attribute system optimization is to support objective and repeatable 
measurement of flexibility related attributes. Normally, subjective judgments are 
used to assess the satisfactions. However, when large and complex systems are 
under consideration, common sense and experiences are often not sufficient. 
Moreover, the lack of quantified measures also hampers the possibility of 
performing early system optimization. One key factor that affects the success of 
complexity control, concurrent engineering and product flexibilities (including 
reusability and modifiability) is modularity, referring to the extent to which a system 
is decomposed and structured into individual parts. In the context of software 
engineering, modularity is often considered in terms of coupling and cohesion. As a 
rule-of-thumb, good software systems should exhibit low coupling and high 
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cohesion. Currently, little support exists for quantifying modularity of high-level 
design. Existing approaches mainly target detailed software implementation, such as 
confining to the inheritance and method invocation relationships in OO software. 
Due to their restrictions to implementations details, such approaches have very 
limited usability in this design context. 

The metrics system presented in this part provides support for measuring the 
inherent dependencies of system parts determined in the system functional solution, 
given as relationship patterns in our previous study. It measures the strength of such 
dependencies by considering both generic parameters such as frequency, and ECS 
specific parameters such as timing accuracy and replication. The aim is to form a 
more solid engineering basis for high-level design by progressing from subjective 
judgments to objective assessments. A further goal is to form a basis for developing 
attribute models for other “soft” qualities, such as modifiability. See Figure 9. The 
metrics system has two parts. The first part supports a measurement of coupling by 
considering individual relationship types separately. The second part provides a 
methodology for combining coupling by individual relationship types into an overall 
coupling, where domain specific heuristics and technology constraints are used to 
determine the weighting. 
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Figure 9. Closing the loop of design for flexibility related qualities. 

8.  Conclusions and Future Research 

This thesis provides a number of improvements in the areas of systems modeling 
and flexibility assessment for ECS. The presented software architecture model and 
systems model help to obtain system wide perspective and ensure the completeness 
of system descriptions and component specifications. They also constitute the 
vehicles necessary for allowing ECS engineers to take advantage of useful 
technologies and expertise from the domains of systems engineering, engineering 
design, and software architecture. The presented modeling framework provides an 
important source of understanding the roles of modeling in large and complex ECS. 
The results have shown to be directly useful as a basis both for the development of 
new modeling techniques and for comparison of existing modeling techniques. The 
presented metrics system provides support for quantifying operational dependences 
of system components in high-level design of ECS, hence constituting a better 
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support for reasoning about modularity and making early tradeoff analysis and 
system optimization possible.  

Based on the results of this research, there are many possible avenues for future 
research. Beyond further evaluating and refining the results as well as obtaining 
empirical evidences of their usability in engineering practices, we have the 
following most directly related areas of future research.  

Based on the systems ontology given in this work, one future research area is 
concerned with ECS process management. We have started to consider how to use 
the systems model as a basis for systematizing the engineering process of ECS and 
defining an ECS process model with well-defined design activities and design 
decisions. The initial study is described in [55]. In the future, a mapping of process 
parameters and analysis techniques should also be defined. This will help us to 
codify, compare, and integrate important principles, analysis methods, and practical 
experiences with respect to system structure and behavior, and hence to develop an 
engineering framework for ECS. Future research should also consider how to 
develop a new software process and framework, based on the software architecture 
model, to guide the engineering of software and components in the ECS specific 
system context.  

Another research area is concerned with integration of modeling techniques. Future 
research can develop an ECS specific system design language and modeling tools 
that provides a systems core for associating and integrating other more dedicated 
modeling techniques. This follows the idea of ACME [23], which provides a 
structural core for translating specifications by other ADLs.   

Based the systems ontology, there are also other future research possibilities. One 
direction is to codify important structuring patterns and develop new approaches and 
methods to support system structuring.  Another direction is to drive a more precise 
component model that takes into account both analytical and operational contexts in 
a hierarchical definition of systems. It is also possible to exploit the systems model 
for educational purposes.  

Future research should also consider how to devise quality metrics that are largely 
missing from state of the art technologies. This requires inputs from other scientific 
and engineering domains. We have begun to explore ways in which the systems-
model can be used as a basis for developing a complexity metrics, which 
characterizes the number and variety of relationships patterns in a system solution 
based on information theory. Another issues is concerned with the integration of 
various metrics in existing engineering tools and process to support system 
optimization throughout design.  
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