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1 Software Architecture

mented, tests are performed to determine whether the
requirements are fulfilled. If not, parts of the system are
redesigned. Since the system architects often are experienced in building systems in the domain, experience helps
them to decrease the required amount of system redesign.
Nevertheless, redesigns are often needed and tend to be
very costly. Computer science and software engineering
research, on the other hand, has spent considerable effort on
several of the quality requirements, e.g. the real-time systems research community has put much focus on hard realtime systems and the object-oriented research community
has studied software reuse. The problem is, we believe, that
each research community only studies a single quality system requirement and, consequently, not addresses the composition of its solutions with the solutions proposed by
research communities studying different quality requirements. However, real systems never have only a single quality requirement to fulfil, but generally have to achieve
multiple of these requirements. For instance, most real-time
systems should be reusable and maintainable to achieve
cost-effective operation and usage, whereas fault-tolerant
systems also need to fulfil other requirements such as timeliness and maintainability. No pure real-time, fault-tolerant,
high-performance or reusable computing systems exist,
even though most research literature tends to present systems as being such archetypical entities. All realistic, practical computing systems have to fulfil multiple quality
requirements. However, constructing such systems is hard
because the quality requirements tend to be conflicting.
Reusability and performance are generally considered to be
contradicting, as well as fault-tolerance and real-time computing, to name a few. For a more extensive discussion, I
refer the reader to [Bosch & Molin 97].

During recent years, the architecture of software systems
has been treated more explicit than earlier and has become
recognised as a research topic. Software systems have
always had architectures, but most software engineers and
researchers focused on different aspects, although exceptions exist, e.g. [Parnas 72]. In [Bass et al. 98], software
architecture is defined as follows:
The software architecture of a program or
computing system is the structure or structures of the system, which comprise software
components, the externally visible properties
of those components, and the relationships
among them.
Often a parallel is made to building architecture, where the
architect has a similar task of defining an underlying structure and style for a building that has to fulfil the requirements expressed by the various stakeholders.
The reason for this increased focus on software architecture
is caused primarily of two issues. First, an explicit software
architecture provides an important meeting point for the
stakeholders of a software systems and allows them to identify differences in interpretation and intention early in the
development process. Second, the ability of a system to fulfil its quality requirements, e.g. reliability, maintainability,
etc., is heavily influenced by its architecture. The architecture chosen for the software system has associated upper
limits to many quality requirements. To give a simple example, in an architectural design that we evaluated there was a
central entity in the system that played a role in most computations. This bottleneck entity caused theoretical and
practical upper limits on the performance and reliability of
the system. A redesign of the architecture removed the bottleneck and allowed for considerably better upper limits.

2 The Course
Based on the above, it is safe to conclude that research in
software architecture is an important topic in the domain of
software engineering. Especially if one considers that architectural design mistakes are generally very expensive to fix.

In software industry, our experience is that quality requirements are generally dealt with by a rather informal process
during architecture design. Once the system is imple3

different path at similar concepts. In the CBSE community,
the notion of component frameworks has now generally
been accepted as a necessary element in successful component-based software development. Component frameworks,
however, explicitly define a software architecture of an
application or a part of it. Due to this relation, the commonalities and differences between CBSE and approaches in the
software architecture community were investigated.

Again, the parallel to building architecture is obvious: if
changes are required to the fundamental structures of a
building, it basically means starting again from scratch. The
industrial relevance of software architecture and the fact
that it is an emerging topic in software engineering research
called for doctoral course on the topic.
The domain of software architecture can be divided into
two main categories, i.e. core technology and instantiations. Core technology defines, as the name implies, the
necessary principles, techniques and methods has three subcategories related to describing, evaluating and designing
architectures. Architecture description can be approached
from two ends, i.e., notations used for communication
between software engineers and with other stakeholders
and architecture description languages used for automated
architecture evaluation and verification and code generation. Architecture evaluation can also be treated from two
perspectives. First, one can take a technique perspective
and develop and study various techniques for architecture
evaluation. Second, the various quality requirements communities, e.g., real-time, reuse, etc., have developed assessment and evaluation techniques and one can try to lift these
techniques to the architectural level. Finally, even architectural design can be addressed from two ends. First, considerable effort have been spent on identifying and describing
architectural styles and patterns. These structures support or
inhibit associated properties and during architectural
design, the software engineer selects a style matching closest with the requirements that the software system has to
fulfil. The second dimension in architectural design is
formed by methods. These architecture design methods
provide support for arriving at a suitable architecture for a
software system increasing the likelihood that the system
built on the architecture will fulfil its requirements.

3 The Report
The research report that you’re currently holding represents
part of the result of the course. Other parts, hopefully,
include the increased knowledge and deepened understanding of the participating PhD students. Each student selected
one of the nine topics discussed above. The student was
supposed to get acquainted with the selected topic by reading articles from the compendium and articles found
through active searching, and, based on the acquired knowledge, prepare a two-hour lecture and lead a two-hour discussion. Finally, each student has written an article
presenting the state-of-the-art for the selected topic. During
the final seminar, the students presented their article for a
wider audience.
The chapters in this research report, thus, provide an overview of the most prominent work in software architecture.
Each of the papers has been carefully prepared to facilitate
the reader to efficiently get an accurate overview and an
understanding of the research issues. We hope you enjoy
reading the articles and find that they contain relevant contribution.
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Abstract

the system and the connectors connect the components. The
connectors are entities themselves, but their main purpose is
to describe relationships between the components. It is the
composition of the two that forms the architecture. The way
to visualize an architecture is made by some sort of
graphical notation.

Software architecture provides many benefits, such as
system understanding, documentation, architectural drifts
and reusability. The discipline is new and there is work to be
done before the benefits are a reality. An important and
fundamental area is to express various elements in software
architecture with notations. Since the discipline is large, it
contains many aspects to take care of with notations. At
another level there is no need of detailed information about
the underlying software structures. The problem to be
solved with notations is to show enough information in a
simple and comprehensive manner.

2.2 Packages
There are many kinds of components. Some of them have
the same structural property. Similar components can be
grouped in packages, as is shown in Table 1. The table is
from [1]. The package describes which components can

1. Introduction
Before the software architecture notations are described,
it is essential to mention the topics in the software
architecture community. The notations should describe the
contents of these topics. The goal with notations is to
construct a blueprint of the software that completely
describes the application and its behavior.
This article contains three main parts. Firstly, the
software architecture is briefly surveyed in Section 2.
Current views of software architecture notations developed
by research groups and companies are presented and
analyzed in Section 3. Section 4. contains an alternative way
to describe software architecture notations. A notation
language is introduced. The goal of the language is to
handle many of the problems discussed in Section 3..

Component type

Common types of interaction

Module

Procedure call, data sharing

Object

Method invocation (dynamically bound procedure call)

Filter

Data flow

Process

Message passing, remote procedure call, various synchronization protocols, synchronization

Data file

Read, write

Database

Schema, query language

Document

Shared representation assumptions

Table 1: Common packages and the way they
interact.
interact, i.e. which components can be connected with other
components. Another possibility to connect nonconnectable components is to use adaptors. They are
connections which transforms the interface of components.
The usage of adaptors can lower the performance of the
application. The structure of several components connected
in a structure can host unwanted behavior, such as loops in
a data flow system. The package hosts similar components,
thus similar checks can be made on the various components
of a package.

2. Survey
Software architecture extends over a vast area in the field
of software engineering. Before the notations of software
architecture is covered, an introduction into elements of the
discipline has to be described. The elements of software
architecture presented here are ideas from various research
groups and companies.

2.1 Main software architecture elements
The concept of software architecture covers a large area
of software engineering. Even tough the discipline is not
rigidly founded, some main concepts have emerged. A
software architecture structure consists of components and
connectors. The components describe the various entities of

2.3 Functionality
A
component
has
functionality.
Traditional
programming mainly concerns the implementation of a
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system can be described as a style, or a composition of
styles, called heterogeneity. A preliminary architecture can
be founded fast and work can proceed deeper into describing
the behavior of the styles. Some styles are collected into
problem areas in Table 3. A more detailed table is found in
[3], where the behavior and differences of the styles also are
listed.

component’s functionality. In software architecture the
implementation of the component may be the last step, after
various requirements of the component are specified
Although a usual way to characterize a component or a
connection is by its functionality, but a software architect is
not bound to this characterization. For example, the software
architecture of an airplane can be separated into time critical
and non time critical parts.

Data flow

2.4 Quality requirements
Another software architecture aspect concern quality
requirements of a system. They concern other aspects of a
system than the functionality. For instance, performance,
latency, security and reliability. Table 2 contains a list of
various quality requirements. The table is from [1]. Some of
these quality requirements are difficult to predict. Others are
not thought of when the system is implemented. It is
therefore important to analyze as many of the important
quality requirements as possible early in the development of
a system to avoid problems later on in the development.
time requirements

reliability

real-time response

robustness

latency

service capacity (e.g., # of clients/server)

throughput

possession of main thread of control

bandwidth

dependence on specific libraries, services

space requirements

conformance to interface standard

space variability

conformance to implementation standard

adaptability

intended profile of operation

precision and accuracy

minimum hardware configuration

security

need to access specialized hardware

Event systems

Data-flow network

Communicating processes

Pipes and filters

Data-centered

Call-and-return

Repository

Main program/subroutines

Blackboard

Abstract data types

Virtual machine

Objects

Interpreter

Call-based client-server
Layered

Table 3: Architectural styles collected in
problem areas.

ease of use

timing variability

Independent components

Batch sequential

An example of a heterogeneous software architecture can
be found in a research robot, which operates on the surface
of Mars. Many solutions on the architecture can be found.
One example can be to implement the navigation and motion
system as a blackboard and the research tasks as
subroutines. The blackboard stores global information about
the position, velocity and surroundings. Various processes
uses the information on the blackboard to decide how to
move the robot. Other processes collect data and store them
on the blackboard. When an researchable piece of rock is
found, a research subroutine is called. The communication
could be implemented as a layered architecture, where the
levels perform codification, correction, encryption and
transmission of data.

Table 2: Quality requirements
Some quality requirements are dependent of other
requirements. For instance, a very secure system may
conflict with performance and throughput. The software
architect must balance these factors. Often only a few of the
quality requirements are of main interest in a specific
software system; they are selected and balanced with each
other. E.g. a nuclear plant should prioritize security and
reliability. Other aspects like space requirements and space
variability may be omitted, thus the application can utilize
huge amounts of statically allocated memory only to
guarantee security. The power plant software implementor
should accordingly concentrate on security matters, and not
on optimizing memory utilization.

3. Notations
The elements of software architecture has to be expressed
in a way that is easy to understand. Architectures has been
visualized by simple box-and-line diagrams but they often
fail to express various important aspects of software
architecture. Work has been done to improve visualization.
This section covers three different possibilities of notations.
They emphasize various aspects of the software architecture
at different levels of detail.

3.1 Advanced box-and-line
A direct approach to visualize software architecture is to
map the architectural entities into symbols. Components are
separated by their appearance. Connections between the
components are extended with a symbol characterizing the
type of connection. An example of these kind of notations

2.5 Architectural styles
Similar software architectures can be categorized into
architectural styles. The different styles correspond to
software problem areas. During the architectural phase, the
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shared data in two other modules. Output data is modified
into a pipe connection. The modification is shown as a little
interface cloud.

can be found in Figure 1. The examples in this section are
taken from [2]. The figure describes an architecture of a
module that implements a keyword-in-context indexer. A
brief examination of the figure shows the configuration of
the module, and the module’s interface, i.e. how it is
accessed cy other connectors. The connections between the
modules, are pipes. The pipe-connection can use
“triangular” module interfaces. Interfaces of the modules
that are black, shows that an interface is used, in contrast to
the white unused triangle connections.

3.2 Critique of advanced box-and-line notations
The examples presented in Section 3.1 are simple and
illustrate notations of components and connectors. In a large
software project there may be components with several
hundred connections. To visualize all the connections
creates a complex picture with many lines. To avoid this
several layers, dealing with some connections each, can be
introduced. Thus moving complexity from one picture to
many. It can be difficult to comprehend those architectures.

pipe

file
req-data

The software architect cannot begin the design of the
architecture before he has good knowledge of the various
parts of the system, e.g. the architect must know the name of
the modules before he can use them, and he must also know
what they do and how they are used.

filter
sorter

merge
cape

shifter

3.3 Architectural oriented notations
The focus of these notations are from an architectural
level. The main difference between these and the advanced
box-and-line notations are the abstraction level.
Architectural oriented notations does not handle low level
architectures. Its organization focuses on high level
architectural design, thus leaving low level refinements to
the programmer. These notations are described in [3].

Figure 1. Pipe-and-filter example: the keyword-incontext indexer.
Different levels of abstraction can be visualized by this
method of visualization. Figure 2 describes a high level
design of a filter. The filter consists of three subfilters
connected with pipes. Figure 3 shows the lower level of

reverser

sorter

gatherer

Figure 4 describes how a subcontroller system utilizes
software components. Implementation of such software
components must follow the guidelines presented by the
software architecture. Other types of components that are
Subsystem
controller

Figure 2. High level design of a module.

import

process_event

update

configure

Module Implements a Filter
Component
rev
Procedure Call
and Shared Data

update

configure
process_event

Module

stk

Figure 4. Architectural description on how to use a
component in a subsystem.

lib

supported by this notation are: processes, computational
components, active and passive data components, and
concrete and abstract classes. The notations of connections
handle control and data flow, aggregation, and inheritance.
The components and connections are described at a high
level.

Figure 3. Low level design of the rightmost
subfilter in Figure 2.
design of a subfilter in Figure 2. This hierarchical approach
structures complex and large applications. There are other
features presented in Figure 3. The information in the input
pipe is used in a module, which also uses procedures and
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3.4 Object modeling design

architecture is to build bottom-up notations. These notations
describe code structures and their connections, at a design
level. Preferably the approaches should meet halfway, but
they do not. The software architecture of larger programs
projects are very difficult to grasp when low level notations
are used, since there are many parts in the project. When topdown notations are describing large projects, there are not
anchored in code, thus good software solutions can be
omitted and overlooked. For example, the many pipes in the
architecture in Figure 3 can be memory consuming and time
consuming. Although, the architecture is simple and
comprehensible. When the implementor of a top-down
software architecture is writing its code, he is bound to the
architecture, even tough he constructs better code in another
fashion. He could change the architecture to suit his
purposes, but it is not sure that the notations can describe the
new improvement, and that the implementor can assure the
consistency of the application. Changes in the architecture
may influence other parts of the architecture.

A more design oriented notation to describe an
architecture is to use object modeling technique, OMT.
Further information can be found in [5]. The OMT notations
utilizes program language constructs. In Figure 5 a
personnel register is described. The components represent
object-oriented classes. The connections describes
associations between the classes and inheritance (the
triangle connection). The amount of associations between
two classes is represented by the endings of the connections.
A black ring ending shows that there can be one or more
associations, and a white ring there can be zero or one. If the
connection line ends without a ring, the number of
association is exactly one. High level notations are omitted.
Person
name
Works-for
address
employee
social security no.
charge-time
job title
earn-salary
worker-type
Worker

Manager

Company
name
employer address
phone number
primary product
hire
fire
dept name

A software architecture should describe a complex and
large system in a simple way. It should also state the quality
of the architecture. None of the presented notations in this
article states any quality attributes of the architecture, e.g.
how much time and how much memory is needed. The
quality requirements are also omitted by the presented
notations. At the software architectural level, quality
requirements, e.g. the quality requirements presented in
Table 2, should also be visualized by notations. Many of the
quality requirements cannot be calculated before the system
is implemented. Although they may be crucial before the
system is implemented, to make correct decisions about the
implementation. Notations should at least support
estimations of the quality requirements.

Manages
Department

Works-on
Project
product name
budget
priority

Responsible-for

Manufactures
Product
product name
budget
priority

Figure 5. Object model design of a company’s
personnel register.
Other areas the OMD covers with its notation are dynamic
modeling and functional modeling. The dynamic model
notations covers states and transitions, e.g. event handling.
The functional model notations describes processes, some
aspects of data flow and data value handling.

Main problems of software architecture notations are to
describe their representation, what they represent and when
to define a notation. The notations in this article are well
defined and have decent visual outlook. But none of their
creators can guarantee that they are the best notations in an
arbitrary software architecture context. The only person that
best describes an architecture is the architect. It is
unfortunate to limit the software architect’s possibility to
express a specific architectural structure by formerly defined
notations. To handle the specific architecture structure, the
architect must have the ability to define new notations and
their representations. Low level notations do not support
high level notations. Even though a good implementation
can be expressed by the low level notation, it often cannot be
expressed in a high level notation.

3.5 Critique of OMD
The approach of OMD is design. Software architectural
specifications are omitted. For example, an architectural
style notated by OMD does not express the style but how it
is implemented. Architectures can become large and
difficult to comprehend. The OMD notations are well suited
to describe smaller and medium sized programs and their
functionality.

3.6 Critics summary
The examples in this section illustrate simple software
architectures with different notations. The different
notations present two main ways to tackle the problem of
visualizing software architecture and they represents two
different approaches of software architecture notations. One
can either describe the overall structure of an architecture,
thus using divide-and-conquer to transform coarse grained
notations into finer ones. The other way to describe an

To develop a new software discipline, like software
architecture, there must always be well-founded arguments.
It is essential that the software architecture discipline is
well-founded before important notations are founded. It is

8

requirements with notations. They are difficult to penetrate
and visualize, making the notations difficult to define and
represent. If a quality requirement cannot be visualized by a
notation, there should at least be a possibility to create new
notations. A quality requirement may have different
meaning in different software systems. It may be possible to
visualize a quality requirement in some systems. It is
therefore necessary to be able to create new notations in
those software systems where they can be visualized. The
representation and definition of the notation can be very
difficult to predict before the quality requirement is defined
in a specific software system.

difficult to make right abstractions of the software discipline
before it can be concretized. E.g. there may be quality
requirements that are impossible to describe in a software
architecture. A way to develop software architecture is to
make assumptions and “test” them on software projects to
see it they hold. For instance, one could have an idea of what
a software architecture contains. The assumptions, that are
concretized from the idea, could be tested on a reverse
engineered software project. The process is iterated until the
software project could be described by a software
architecture. The assumptions should then be tested on
another software project, and iterated until a solution is
found. Figure 6 illustrates this evolution process. It is a
Idea

Already defined software architecture notations may
restrict hardware specific features. To utilize such features,
notations may have to be modified. The need to create own
notations and to modify already existing ones, is necessary.

Assumption
New
arguments

Ideas on how to use notations as a programming
language, or as a architecture description language, are
presented in this section. The notation language focuses on
the visual representation, based on the context in which the
notation is used, and code generation. I.e. the architect
describes how the notation is visually expressed, how the
code, if any, is represented by the notation, partly based on
information about the surroundings of the notation. The
notation language can be viewed as a framework enabling
the architect to describe notations. Commonly used
notations should of course be supported, but focus is on how
to create new notations. An example on a simple paint
program is examined from the notation language viewpoint.
Firstly some ideas on how to represent a notation, are
presented. Then the example is visualized. The concluding
part describes a discussion on how to visualize software
architecture elements not covered by the example, e.g.
quality requirements.

Example

Figure 6. Evolution process of software
architecture.
modified version of the development of software
architecture design method described in [4]. Some elements
of software architecture are not well-founded, thus making
general notations harder to establish.

4. Future notations
The software architecture notations presented in this
article, can only describe parts of the software architecture
that does not change, because the notations are already
defined. New architectural solutions must be described by
already defined notations. There is no guarantee that the
notations are able to describe the new architectural situation.
For example, a difficult situation to describe by the high
level notations is when some parts of a component are
combined with another component. To describe such a
situation with high level notations cannot be done, since the
combined component and the leftovers of the splitted
component must be described by new components.
Although they are still distinct components. The only
change is how the code is organized. There are no notations
presented that describes how to combine parts of one
component with another. If the software architecture
describes the two new components, it does not describe the
way they are created. It is the implementation that describes
the architecture in that case. If the software architecture
describes the two original components, it does not describe
the real program. Important information is lost in the
description of the architecture.
Another

important

issue

is

to

express

4.1 Practical aspects
Ordinary programming languages often does not care
about high level architectural design. An architectural
description language tries to raise the abstraction level to a
software architectural level, and still maintain a grasp on the
implementation. The notation language provides the
architect the possibility to describe notations and explain
how the notations are implemented. The idea is not to write
code but to create notations that creates code for the
architect. When a software architecture is described, the
implementation is also described through the notations.
A basic element in the notation language is the notation.
It describes the visual representation of itself, how it
interacts with other notations and how the code is
represented by the notation. There may be notations that
simply describes other notations, thus no source code
description is necessary. A control loop is described in

quality
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state the position of the code. The codeholder notation

Figure 7. Its implementation is also described, although it is
not complete. Information is given how to fill the missing
parts in its implementation. The control loop depends on the
arrows which visually goes through the loop. This is
represented by the dashed arrow in the control loop notation.
The dashed arrow hides an implementation on how to
recognize it. Thus the control loop is not dependent on a
specific arrow implementation. The arrow recognition
implementation could be made simply by describing
something going through a cylinder with the diameter of the
loop and an arbitrarily small height. The control loop
visualization also hides a visual representation
implementation. This is a simple implementation of a circle
with an arrow. The notation language framework can
provide basic description features. Further examination of
Figure 7 reveals which connections the control loop needs.
In this case it is dependent on arrows going through the loop.
The arrow should host a character and a code sequence. The
implementation specified by the control loop notation
describes an endless loop waiting for characters. This is
done by the INCHAR procedure call. The notation actually
imports the INCHAR procedure, although it is not illustrated
in the notation. This call will be eliminated in the next
control loop notation, in Figure 9, and is stated here to make
the notation easier to understand.
Visual representation description
Name of notation

Control loop

Arrow

Use codeholder and
characterholder
x

Need mouse

Figure 8. The representation of the arrow notation.
contains a text, and the characterholder notation contains a
character. It also displays the held character. The character is
marked as a ‘x’ if the figure. Another interesting feature is
that the arrow notation needs a mouse. The mouse
coordinates are transferred in the direction of the arrow. The
arrow notation can now provide the control loop notation
with its needed information. The control loop should also
need a keyboard notation, and the keyboard notation should
give the code to call to get a new character that has been
pressed.
The notation language may be difficult to use, although a
rigid framework should help the implementor with graphical
representation of the notations, along with an interactive
notation editor. Other benefits are the possibility to extend or
exchange the implementation part of the notation
description. When translation of all the notations are done
they can be used to create new application very quickly since
the software architecture should be untouched. The visual
support provided by the notations are easy to understand. If
something is blurry or if the architecture is overcrowded
with notations, there is possibility to gather notations and
make them more abstract by creating new notations. A topdown architectural is also possible. As long as the sketches
are well defined, and have a meaning. Since code creation is
fast when the architecture is written, there can be a lot of
modifications along the way to trim the architecture. For
example, the code of the arrow notation in Figure 8 can
easily be changed to an event creation. The events are then
collected by a mailbox notation and then transferred further
to another notation.

Code caused by notation
Code caused by arrow

while true do
switch INCHAR {
case :

character

break;
}
arrow

Need arrow with character
and code

Give character, code and
mouseposition

code
Connections

Figure 7. The representation of a control loop
notation, its connections and implementation.
The notation of the arrows which are going through the
control loop, are described in Figure 8. The main difference
with the arrow notation and the control loop notation is that
the arrow notation does not generate code. Instead it uses
two other notations, codeholder and characterholder. The
arrow notation visualization consists of two other notations.
It can be described as a arc with an arrow. The positions of
the other two notations on the line can simply be defined as
a percentile of the arrow’s length from the arrowhead. Other
configurations can be utilized, e.g. the control loop could

4.2 Example of language notations
The notations described in the previous section can be
connected with other notations to form an application. This
is done in Figure 9, where the software architecture of a
simple paint application is illustrated. The architectural style
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there can be many tests performed on similar architectures,
differing only in some details.

described is model-view-controller. The controller notation

Is is not sure if the code can be developed faster than
traditional programming. The complexity level may become
very large in large applications and there may not be any
natural ways to increase abstraction. Code may be
distributed over a large area and there may be difficult to
grasp the architecture. But if good notations are developed,
then it does not matter if the code is in many parts. The
visualization creates understanding at a higher level than
simply looking at the source code.

View

a
b
Controller

Model

Figure 9. A model-view-controller software
architecture of a simple paint application.

5. Conclusions

are connected with two arrow notations and the keyboard.
The arrows shows when they are used, i.e. when the letter ‘a’
or ‘b’ is pressed. Signals from the mouse are transmitted to
the model which is a large data area containing the state of
the application. Signals are then sent to the view, to update
the screen. When the letter ‘a’ is pressed, two signals are
transmitted further. One leads directly to the view and the
other updates another area in the model, and then the view is
updated. The lines from the model to the view are simple,
and their code is not illustrated. Different views can allow
the code notations to be visible or invisible. These views can
also be coded as notations. This hierarchical approach hides
information on a more abstract level, thus enabling the
viewer to choose the amount of information shown.

Traditional software architecture notations either describe
a high level design of a software program or a low level
implementation specific design. There is a gap between the
two. To overcome this gap with notations the software
architect must be able to define and represent new notations,
since none has found notations to suit arbitrary software
designs. Another important part of the software architecture
community is the quality requirements. Notations should
support more elements of the software architecture
discipline than components and connectors. The notation
language presented in this article may overcome some of
these problems but more research is needed to delimit the
area in which notations are useful.

4.3 Omitted parts
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Abstract

• Composition: it should be possible to describe a system
as a composition of independent components and connections.

An absolute condition for reasoning about an
architecture’s properties is an adequate architectural
description. Architecture description languages (ADLs) aim
to describe the architecture of systems while leaving other
design aspects open. In this paper a number of different
ADLs are presented and each ADL is characterized by the
purposes it can be used for. Three possible uses for ADLs
are suggested: analysis, construction, and discussion. The
possibility for architectural description in traditional
programming language is discussed and compared to that
of the ADLs.

• Abstraction: it should be possible to describe the components and their interactions of a software architecture
in a way that clearly and explicitly prescribes their
abstract roles in a system.
• Reusability: it should be possible to reuse components,
connectors, and architectural patterns in different architectural descriptions, even if they were developed outside of the context of the architectural system.
• Configuration: architectural descriptions should localize the description of system structure, independent of
the elements being structured. They should also support
dynamic configuration.

1. Introduction
It is becoming increasingly clear that many important
properties of a software system are closely related to the
system’s architecture. These properties include both
functional ones and non-function ones. To introduce such
properties into a system without a suitable architecture is
very difficult at best, and impossible at worst.

• Heterogeneity: it should be possible to combine different architectural patterns in a single system1.
• Analysis: it should be possible to perform rich and varied analyses of architectural descriptions.

This suggests that the architecture must be wisely chosen
to conform to the system requirements. A number of
methods, such as the SAAM [5] exist to aid the software
architect in this work.

These are all desirable properties for an ADL, but they
focus primarily on the description itself, rather than how
this description can be used. The last point, analysis, is an
exception (though a fairly vague one).

But several problems still remain. To make this wise
choice of a suitable software architecture, one must be able
to compare and discuss different candidate architectures.
The traditional ways to describe architecture are little more
than informal diagrams of boxes, lines, and annotations.
These descriptions rely heavily on intuition and experience
of the persons involved. Although one can speak of
architectural styles such as “client-server” or “layered”
architectures, these terms still rely on our interpretation.

We suggest three possible uses for architecture
description languages:
• Analysis: to perform machine-based or machine-supported evaluations of an architectural description with
respect to one or more of the requirements of the system.
This evaluation may be static (such as component typechecking) or dynamic (partial simulation or execution
based on the description).

A step toward formalizing the description of
architectures is the concept of architecture description
languages (ADLs for short). These languages may be
textual or graphical, and several ADLs support both textual
and graphical notations.

Apart from which analyses can be performed on an
architecture, it is also important to know when they can
be performed. It is desirable to evaluate an architecture
with respect to the requirements as early as possible in

In [8], Shaw and Garlan suggest the following properties
of an ADL:

1. These are not the exact words of [8], but rather
the present author’s interpretation of them.
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• Connectors: abstractions of the mechanisms for communication between components. Such connectors may
describe ordinary function call, message passing, or
communication using shared memory. They may also be
used to describe concepts of architectural styles, such as
pipes in a pipes-and-filters architecture.

development.
• Construction and/or maintenance: to be able to furnish
the architectural description with implementation components in order to construct an implementation from the
architecture. The description could be used as a reference
throughout the development and maintenance of the system, that is, forming a more rigid structural description
than the implementation source code. Such a description
should prohibit maintenance programmers from inadvertedly violating the architecture.

Although components can often be reasonably well
described in implementation languages such as C++,
Ada, or Java, these languages do not treat connectors as
first class entities, but rather as properties of the
components.

To be useful for construction or maintenance, an ADL
probably needs to be integrated with the development
environment.

• Interfaces: abstractions of services provided by components or communicated by a connector. A component
may implement an arbitrary number of interfaces and use
an arbitrary number of interfaces of other components.

A hard problem during maintenance is the possibility
of architecture erosion. As the system evolves, features
are added, and defects are removed, maintenance
programmers often make design decisions that are
inconsistent with the original architectural design. An
ADL might help to counteract erosion.

To exemplify: it is not unreasonable to compare this set of
concepts to traditional consumer electronics. If TV sets and
VCRs are viewed as components, the cables can be considered to be connectors and the sockets to be interfaces. The
power cable to the TV can be plugged into any power socket.
Similarly, a component requiring a particular service can
connect to any component that provides that service (i.e. has
the right interface).

• Basis for discussion: to use the description as a welldefined discussion material for the software architect and
the stakeholders. (We use the word stakeholder here in
the sense given in [1]: people and organizations interested in the construction of a software system, such as
customers, end users, developers, maintainers, and so
on.)
This description should be
understandable by all involved parties.

readable

Paper outline
In the following section we present an overview of four
architecture description languages with an emphasis on the
uses (out of the three suggested above) the languages are
suited for. We supplement with a discussion of related
concepts in two other languages in Section 3. Finally, we
summarize and conclude our discussions in Section 4.

and

1.1 Common concepts of ADLs
As pointed out in [8] and above, abstraction is an
important aspect of architectural description. This
description should convey the architecture and its style while
suppressing any low-level design decisions. Although the
exact terms vary between ADLs, there does seem to be a
core of concepts present in most:

2. Some existing ADLs
The four ADLs presented are divided into three
categories, corresponding to the three uses: analysis,
construction/maintenance, and discussion.
• Module interconnection languages, primarily addressing
construction/maintenance,

• Components: abstractions of subsystems within the
architecture, such as filters in a pipes-and-filters architecture or layers in a layered architecture. Note that components are not necessarily atomic: most ADLs allow
components to be composed of other components.
(Relate to the heterogeneity property mentioned above.)

• Languages supporting architectural analysis, and
• Languages supporting stakeholder discussion.

2.1 Module interconnection languages

Note also that since the architectural description is
concerned with structure rather than functionality, only
the externally visible properties of a component are
present in the architectural description. If, for example, a
component were implemented using a C++ class, only the
public part of its interface would be present in the
architectural description.

Module interconnection languages (MILs) emerged in the
mid-70’s as tools for system design. More specifically, MILs
describe the structure of systems in terms of modules (i. e.
components). This, in a sense, makes them predecessors of
today’s ADLs.
The focus of MILs is on describing architectures. The
purpose of such a description is to provide a firm framework
14

tions of components, that is, a particular configuration of
the system.

for the system, usually with an emphasis on maintenance: a
meddlesome maintenance programmer can not violate the
architecture without first explicitly modifying the MIL
description.

Note that there is no notion of connectors in Intercol. Like
other MILs, connectors are not explicitly described in the
language. They are not first-class entitites.

It is not uncommon to integrate version control into the
MIL. Some MILs [3] [10] allow the system designer to
specify multiple configurations of components, or to have
multiple implementations (possibly in different languages)
of a component.

In Figure 1 the Intercol description of a simple system is
given. The described system (called S) consists of two
components, called m1 and m2. The m1 component has two
interfaces (p1 and p2) and requires the interface p3 in order
to work. Component m2 provides that interface.

Note that although the MILs put the description in focus,
they do support a limited amount of analysis, such as typechecking of components and interfaces.

Both components correspond to two implementations
each, and the ‘composition’ clause describes how one
configuration, comp1, of the system might be composed in
terms of implementations.

A MIL example: Intercol
Intercol [10] is a MIL with version and configuration
control. Like other MILs (but unlike several of today’s
ADLs) it is a pure textual language without any graphical
representation. It describes an architecture in terms of the
following:

Describing architectures in Intercol
Intercol requires the interfaces to be verbosely described
in terms of detailed specifications of types, procedures,
arguments, and return types. Although this provides slightly
stronger analysis possibilities (i.e. inter-component type
checking), the low abstraction level is unappropriate from a
software architecture point of view: an Intercol description
cannot be created until relatively late in development, while
we want to be able to analyse the architecture itself as early
as possible.

• Components (called ‘modules’ in Intercol). A component is described in terms of the interfaces it implements
(in ‘provide’ clauses), the interfaces of other components
it uses (in ‘require’ clauses), and one or more implementations (by referring to source files).
• Interfaces (called ‘packages’). An interface is a set of
procedures (including parameters), types, and constants.

The focus of Intercol is on maintenance support. The
detailed interface descriptions make for a firm system
structure where inter-component communication cannot be
altered (at least not syntactically) without an explicit
modification of the architectural description.

• Systems. A system is an independent entity consisting of
a set of components, a set of ‘provide’ clauses, and a set
of compositions. A composition is a set of implementa-

system S
provide s_main
module m2
provide package p3 is
procedure s(x, y, z) return:LOGICAL
end p3

module m1
provide package p1 is
type t1 is range 1..20
procedure p(m)
procedure q(n) return:INTEGER
end p1

implementation M2-Pascal
implementation M2-C
end m2

provide package p2 is
procedure r(a, b)
end p2

composition
comp1 = [ s_main, M1-Ada, M2-C ]
end S

require p3
implementation M1-Pascal
implementation M1-Ada
end m1

Figure 1. Sample Intercol code
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descriptions.

The evolution of the system is also supported by the
configuration control. Intercol directly supports multiple
configurations of components and implementations. There
is, however, no support for describing any common
architectural design between configurations, such as in a
product family.

Describing architectures in MetaH
MetaH provides relatively comprehensive analysis
support, including schedulability and reliability analyses.
MetaH should also be useful as a tool for construction and
maintenance. Since an initial structure of the system (i.e.
software architecture) can be described in MetaH and then
supplemented by ControlH implementations, that structure
can be used throughout the construction of a system. In
addition, since the architecture is described separate from
the rest of the system, the system should be more resistent to
architecture erosion as described earlier in this paper.

The Intercol code, like other MILs, is intended to be used
by system designers. The language describes the system
structure, but does not in any way relate that structure to the
system requirements.

2.2 MetaH and ControlH: ADLs supporting
architecture analysis
From a software architecture perspective it is very
desirable to evaluate an architecture against the system’s
requirements as early as possible. Some of these evaluations
may be performed based on an architectural description.

As a basis for discussions between architects and
stakeholders, MetaH in conjunction with ControlH can be of
substantial assistance. Some requirements, such as
scheduling and reliability requirements, can be expressed
directly in the ControlH/MetaH system. The dual view of a
single system should simplify communication between
GN&C and software engineers.

MetaH
ControlH and MetaH [2] are two integrated languages for
guidance, navigation and control (GN&C) applications.
Both languages are used to describe systems, but they
capture different aspects: ControlH is used to describe
GN&C aspects of systems, whereas MetaH is used to
describe software engineering (including architecture)
aspects of the system. This separation allows GN&C
engineers to focus on GN&C aspects (such as performance
and robustness) by working in the ControlH language while
software engineers work in the MetaH language.

Rapide
Rapide [7] is described by its authors as an “executable
architecture definition language”. This term suggests a more
dynamic ADL than the ones previously described in this
paper, and Rapide has indeed support for modeling the
dynamics of a system. Dynamics are described using an
event based model, where components may send and receive
events according to more or less complex rules.

The ControlH language supports specification of
hierarchical block diagrams constructed from primitive
mathematical operations. Systems are described as discrete
state machines in discrete time. A system typically consists
of a number of processes with varying scheduling
requirements.

Rapide models architectures in terms of interfaces,
patterns, connections, and constraints.
• Interfaces define externally visible behavior of components in terms of the types of events it can receive and
send, provided and required functions, a state model, and
constraints (described below).

These scheduling requirements are fed to MetaH. Based
on input from ControlH, MetaH can perform complete realtime schedulability analyses, reliability analyses, and
combine the code into a load image for the target system.
Note, however, that these analyses are all static; i.e. they do
not involve executing the system in any way.

• Patterns are expressions that describe sets of events.
Such general patterns are often equipped with placeholders in place of the sender and parameters of the event.
The use of these placeholders differ depending on the situation and will be described below.

Apart from these architectural analysis capabilities, the
MetaH language has several properties that make it worth
mentioning in an ADL context. The descriptions, which may
be textual or graphical, are expressed using components
(called ‘entities’) and interfaces. The specialized domain
also justifies a separate process concept.

• Connections between interfaces are described as two
patterns and a relation between them. In the simplest
case, that relation is the word ‘to’. Whenever an event
occurs that matches the first pattern (the trigger), an
event is generated according to the second pattern (the
body). A simple example of such a connection is

Although connectors are not explicitly modeled as firstclass MetaH concepts, the connections between entities and
processes can be expressed in the language. Such
connections are type-checked to ensure consistent

...
?P: Person; ?B: Button;
connections
?P.Push(?B) to Button_Light_On(?B);;
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2.3 ArTek: an ADL for discussion

This connection says that whenever some person
pushes some button, that button should be lit. Note that
the placeholders ?P and ?B above are assigned values
from the actual event of the trigger.

ArTek [9] is an ADL with focus on describing nonfunctional attributes, domain models, and structure of
software systems. It is organized less like an ordinary
language and more like a database, where the user enters
information into fields in forms. However, the system can
present the information in a textual format to simplify
integration with external tools.

Patterns may be fairly complex and, for example,
involve logical expressions to denote the events that
match the pattern.
• Constraints specify restictions of the behavior of interfaces. A constraint is a pattern which must be matched
by the sets of events generated by the interfaces and connections in the architecture.

ArTek is organized into sublanguages for domain
modeling, architectures of abstract components, and
architectures of implemented components. It is possible to
start out with a domain model and gradually transforming
this into a model of system structure (that is, a software
architecture).

Rapide’s interfaces roughly matches the concepts of
component and interface outlined in Section 1.1
Connections (connectors) are explicitly described in Rapide
and may be quite complex. Although there is no clean
separation between component and interface in Rapide, the
separate connector concept allows architectural structure to
be fairly well described.

To show a glimpse of ArTek, we give an excerpt from a
domain model example originally given in [9]. The example
in Figure 2 describes one domain entity (the SA-12 Giant
missile), one domain attribute (accuracy) of that entity, and
a domain relation (number of Giant missiles in North Korea)
between the entities SA-12-Giant and North-Korea.

Rapide also allows the dynamics of a system to be
described. The result of the execution of a Rapide
architectural description is a poset (partially ordered set) of
events generated in the architecture. Every event in that
poset holds a timestamp, a set of parameters, and a reference
to the event that caused it. Since events may occur in parallel
(at least conceptually), two arbitrary events are not
necessarily causally ordered with respect to each other
(hence the partial order).

Describing architectures in ArTek
The ArTek system itself does not provide much analysis
support. The textual representation of a description,
however, might lend itself to analysis using external tools.
ArTek is probably of limited use during the construction
and maintenance of a system. Although ArTek supports the
evolution from a domain model to an architecture, it is
unclear how an implementation language may be integrated
with the architectural description.

Describing architectures in Rapide
The analysis possibilities in Rapide is focused on
matching the generated posets against the constraints
defined for the system. Rapide allows such constraints to be
defined and analysed by separate tools. This analysis is
restricted to consistency checks, that is, that the constraints
are not violated by the generated events. There is no support
for analysing real-time schedulability or performance.

Since the emphasis of ArTek is description and
communication, its primary use seems to be as a tool for
communication and discussion with architects and
stakeholders. How successful ArTek and similar systems are
in this respect, however, is not clear.

Rapide does not seem to be intended to be used for
construction and/or maintenance of the actual system. It is
unclear how, if at all possible, a Rapide description could be
integrated with an implementation in traditional
programming languages.
The relatively detailed description of the system
dynamics seems to lower the abstraction level of the
description considerably. A Rapide description would
probably not be suitable for discussion with architects and
stakeholders. The low abstraction level also implies that a
Rapide description can not be completed until relatively late
in development. Architectural analysis should preferably be
made as early as possible, reducing the usefulness of a
detailed Rapide description.
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.begin domain-entity
.name
SA-12-Giant
.description “Long range Russian
missile. Can force the E-8
or E-3 aircraft to operate
at long range and reduce
efficiency for potential
targets.”
.capabilities SA-12-Giant-range,
SA-12-Giant-accuracy,
SA-12-Giant-num-owned,
SA-12-Giant-in-NKorea
.attributes
operation-of-SA-12-Giant,
range-of-SA-12-Giant,
accuracy-of-SA-12-Giant
.relations number-owned-of-SA-12-Giant,
updated-version-of-SA-12-Giant
.specialization-of SA-12
.parts
SA-12-guidance-controller,
SA-12-flight-mechanism,
SA-12-payload
.end domain-entity

.begin domain-attribute
.name
accuracy-of-SA-12-Giant
.description “Missile accuracy for
SA-12 Giant”
.attribute-of SA-12-Giant
.specialization-of accuracy
.datatype
real
.value
“1.0”
.units
“KM CEP”
.end domain-attribute
.begin domain-relation
.name
number-owned-of-SA-12-Giant
.relation-from North-Korea
.relation-to SA-12-Giant
.datatype
integer
.value
“13”
.specialization-of number
.end domain-relation

Figure 2. ArTek domain model example

3. Related concepts in other languages

3.1 BETA

Several of the ADL concepts presented in this paper are
similar to concepts of various programming languages.
Clear examples of this are the class and object concepts of
object-orientation: architectural components may well
correspond to objects in an actual implementation, and
classes (possibly abstract) play a role similar to that of
interfaces. The Java programming language has an explicit
interface concept which allows one class to contain the
implementation of several interfaces, and the same effect
can be achieved with multiple inheritance in languages such
as C++ and Eiffel.

BETA [6] is an object-oriented programming language
where one of the intentions is to support modeling and
design in addition to implementation.
Modularization techniques in BETA allow for separation
of interface/implementation and mapping an interface to
many several implementations (rudimentary configuration
control). These modularization techniques are similar in use
to those of Modula-2 or Ada, but use a fine-grained
grammar-oriented approach where an arbitrary node of the
abstract syntax tree may be replaced by a reference to an
implementation. A straightforward example is to replace the
implementation of a function with a reference as show in
Figure 3. Note that the example is expressed in a Java-like
syntax rather than BETA to enhance the understanding of
readers not familiar with BETA.

While the component concept is well supported in objectoriented programming languages and other languages
supporting abstract data types (such as Ada and Modula-2),
the support for connectors is not as strong in most languages.
The communication between components is largely implicit
in the components themselves in the form of function calls,
shared memory, event dispatching, and so on. This generally
implies a relatively strong coupling between communicating
components.

int f(String s) {
<<SLOT f_impl:DoPart>>
}

Figure 3. Example of an interface specification in BETA
(Java syntax)

In this section, we discuss two languages that, in some
way, address architectural descriptions. The BETA
programming language is intended to be used during
software analysis and design aswell as implementation.

In the example a function is declared and its body (called
DoPart in BETA) replaced by a reference (slot) to an
implementation. Note that the slot may be filled by one of a
number of implementations.

VHDL [4], a hardware description language, describes
hardware in terms of concepts similar to our software
architecture concepts.

Another property of this approach is that the slot defines
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which implementations to be appropriate for the slot in
question, rather than a reference to a specific module
containing a specific implementation (such as a C++
#include directive or a Modula-2 IMPORT declaration).

The signals correspond to the connectors between
components, as discussed in Section 1.1. The architectures
of VHDL correspond to our concept of components, and
entities to the interfaces of those entities. Since the VHDL
term “architecture” may cause some confusion in our
context, we will usually write “entity implementation”
instead.

Describing architectures in BETA
The components of BETA are classes1, and these
components may be combined (i.e. compositions made) by
nesting them. The nesting implies that an object of an inner
class always exists in the context of an enclosing object. The
inner object has direct access to attributes (classes,
functions, variables etc) of the enclosing object.

The implementation of an entity may, for instance, be
given as a state machine. Based on the values of input signals
and the current state, output values and the next state are
calculated.
The entity descriptions are a central part of a VHDL
description. In Figure 1 three simple entities are described.
(Note that in this section, we will leave out VHDL details
not related to the present discussion.)

The possibilities for architectural description in BETA are
quite similar to those of MILs. A component may be
described in terms of what it provides (for example,
functions of a class) and requires (such as slots). BETA does
not allow any analysis of the architecture beyond type
checking.

The first entity, E, has two input signals (clk and i) and
one output signal (o). The signals are all of the type
std_logic. (This type corresponds to binary digital signals.)

Architectural descriptions in BETA are obviously
primarily intended to be completed with BETA
implementations. BETA does not, in general, support the
mix of implementation languages in the way some MILs do.

The CLOCK entity has a single signal declared as inout.
This allows implementations of the entity to both read and
write that signal. (If the signal is just declared as out, it can
not be read by that entity.)

This integration with the implementation language can be
viewed as an advantage for the construction of the system,
since the architectural description can be used directly.
However, to support maintenance and counteract
architecture erosion, the architecture should still be well
separated from the implementation.

The third entity is named CLOSED and has neither inputs
nor outputs. As shown below, it can be used to describe the
closed system as a whole.
In Figure 2 an implementation (named E_impl) of the
entity E is given. The implementation includes a few local
declarations of a type and two signals. In addition, it
contains two processes. Every process has a list of signals,
called the process’ sensitivity list. Put simply, the VHDL
code of a process is executed whenever a signal in its
sensitivity list changes. Processes execute concurrently.

The BETA description is not explicitly related to the
requirements of the system in any way, and it is probably
less suitable as basis for stakeholder discussion.

3.2 VHDL
VHDL [4] is a hardware description language in wide use
for digital hardware design. Although the language is far too
complex to be completely described here, we do discuss
some aspects of architectural design which can be well
described in VHDL.

In Figure 2, the code for a simple process is given. The
process writes the value ‘1’ to the signal o whenever the
input state assumes the value s2. In all other states, o is given
the value ‘0’.
The structure and configuration of the system as a whole
can be described in an implementation of the entity
CLOSED above. Assuming we have an implementation
named CLOCK_impl of the CLOCK entity, such a
configuration may be written as in Figure 6. In that
configuration, three signals and two entity implementations
are instantiated.

A simple VHDL description can be seen as composed of
three concepts:
• Entities: abstract component descriptions
• Architectures: implementation of entities
• Signals, which connect entities

Here the signals C, x, and y can be seen as connectors and
the two instances CLOCK_impl and E_impl as components.
These components are well separated from each other and
only connected by means of the connectors. The
components do not know each other’s identity.

1. It is actually the pattern concept, which unifies
classes, functions, processes, and a number of other
more well-known concepts. A more detailed
description of BETA patterns is however outside
the scope of this paper.
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Describing architectures in VHDL

architects to discuss some technical properties of the future
system based on an architectural description. Development
environments using graphical representations can be
helpful. However, stakeholders not familiar with digital
hardware design will not be able to discuss that
representation.

The structure of descriptions in VHDL is similar to that
of MILs. An architecture is described in terms of
components, interfaces, and connectors between interfaces.
Like MILs, VHDL does not directly support any
architecture-level analyses beyond type checking.

Although VHDL descriptions seem to have many
properties we would like to see in software architecture
descriptions, we can not adopt the VHDL concepts to
software architecture right away. The simple interfaces
described in terms of input and output binary signals are
considerably less complex than the communication between
software architecture components. Often the complete
semantics of the entire interface of a digital component can
be described in a relatively simple timing diagram.

It is common practice to build systems in an incremental
manner, component by component. Unfinished components
may be temporarily replaced by stubs or other
implementations of a given entity. VHDL is a complex
language with many languages elements, but only a subset
of those elements can actually be used for synthesis (that is,
made hardware of). The more advanced language elements
can be used for simulation during system construction to
mimic the functionality of future components.

4. Conclusions

The modular structure of a VHDL description does seem
to be an advantage. Numerous commercial VHDL
components of varying complexity are available on the
market, suggesting that this type of description is successful
for describing reusable components. The loose coupling
between components should also enhance maintainability.

Before deciding what to describe in an architecture
description language, one must ask oneself why one wants to
describe the architecture in the first place. In this paper we
have suggested three possible uses for ADLs: analysis,
construction, and discussion. An interesting question is if
there are any additional uses for ADLs not covered by these

The modular structure and the simple interfaces allow

architecture E_impl of E is
type state_type is (s0, s1, s2);
signal state, next_state: state_type;
begin
process(state)
begin
if state = s2 then
o <= ‘1’;
else
o <= ‘0’;
end if;
end process;

entity E is
port(clk, i: in std_logic;
o: out std_logic);
end entity E;
entity CLOCK is
port(clk: inout std_logic);
end entity CLOCK;

process(clk, i)
begin
-- Code omitted for this process
end process;
end architecture E_impl;

entity CLOSED is
end entity CLOSED;

Figure 1. Three VHDL entities

Figure 2. A VHDL entity implementation with two
processes
architecture toplevel of CLOSED is
signal C, x, y: std_logic;
begin
the_clock: CLOCK_impl port map(C);
the_E: E_impl port map (C, x, y);
end architecture toplevel;

Figure 6. A VHDL system configuration
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Language

Analysis

Construction and/or
maintenance

InterCol

Module type-checking
only

Maintenance support,
configuration control

None

MetaH

Scheduling, reliability

Good (well integrated
with the ControlH implementation language)

Integration with ControlH allows for description of GN&C
requirements

Rapide

Dynamic execution, consistence checks

None (?)

Weak (low abstraction
level)

ArTek

None

None

Explicitly emphasized

BETA

Type-checking only

Well suited if implementation is made in BETA

None

VHDL

Can be made if components are replaced by
stubs

Well suited if implementation is made in VHDL

None

Basis for stakeholder discussion

Table 1: Architectural support in discussed languages
three.

functionality rather than requirements.

We have briefly presented four ADLs for different
purposes: the Intercol module interconnection language, the
Rapide language, the MetaH language, and the ArTek
language. In addition, we have discussed the BETA
programming language (from an architectural point of view)
and the VHDL hardware description language, which has
some of the properties we would like to see in a software
architecture description language. Table 1 summarizes the
architectural support in the discussed languages. Note that
with the exception of MetaH (which is targeted towards a
specific domain) and ArTek, present ADLs give weak
support for stakeholder discussions.

The VHDL language has a number of properties one
would like to see in an architecture description language.
Although software architecture probably can not be
described using VHDL, the language concepts are relatively
close to the ones commonly used to describe software
architecture.
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Do we want to use ordinary programming languages
(possibly with added architecture description support) for
architectural description? Such an approach may be useful
for construction and would benefit from integration with
existing tools. However, without further constraints, such an
integration could actually have a negative impact on
maintenance of the system. Describing an architecture in the
same language as the implementation could make it easier to
manipulate the architecture during maintenance, increasing
the risk for architecture erosion. Care must also be taken to
make sure the architectural description remains separate
from the low-level design.
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Abstract

software architectures emerging in the middle 90s and we
will take a closer look at SAAM in Section 4. In Section 5.
we will discuss SAAM, from 1998, to see how the
evaluation of software architectures are done in that
method. ATA (Architecture Tradeoff Analysis method) is
another method that is described in Section 6. Finally, we
have the conclusions of this paper in Section 7.

Today we lack quantitative techniques for doing
evaluations of software architectures. This is since the area
is immature. However, there exists some qualitative
techniques that seems to achieve rather good results. But
even applying the most basic techniques rises questions
about their applicability and maturity. This paper is a stateof-the-art paper regarding Software Architecture
evaluation.

2. How about costs? Will it pay off?
Of course, you will never get anything for free1. Industry
has reported that, to pick one example, during several
project, with a size of at least 700 staff days, the effort for
doing evaluation of software architectures took
approximately 70 staff days [1]. It is however important to
know that there where no indication in [1] how this
evaluation was performed.

1. Introduction
A systems lifetime is measured in 10-20 years. During
this time period the system will most likely be modified
several times. Even though the system is stressed by this
factor and probably many others, the system is supposed to
be prepared for all this.

This ten percent additional cost was, however,
compensated directly since the development time was
reduced by ten percent. Not only that evaluation of software
architectures paid it self, it had other good effects. First
there was an early detection of error, that would have been
expensive to fix at a later stage.

It is very important that the software architecture is
evaluated as early as possible. It is a well known fact that it
costs a lot more to fix a bug late in the development process
than in an early stage. This is of course also true for
software architectures.
Formal reviews, described in [7], are one way to achieve
the hunt for errors in the software architectures. Although
the formal review in [7] is focused on design and code
reviews, they should be just as applicable for reviewing
software architectures.

Another benefit from evaluating the software
architecture was that the requirement specification were
tested at an early stage. For instance if the requirement
specification says that the average response time should be
20 milliseconds and the software architecture only supports
25 milliseconds. What to do? Well, one solution, and that
was a real solution to another situation described in [1], was
that the requirement was actually too tight and the
architectural response time for 25 milliseconds were
acceptable.

The most effective and useful evaluation is a quantitative
one. Unfortunately, I have to make a conclusion already in
the introduction, because of one single fact. There are no
quantitative evaluation techniques available today [1].
The reminder of this paper is as follows. In Section 2. we
will discuss some of the costs and benefits from using
software architecture evaluation. We will examine the
fundamental techniques for the evaluation of software
architectures in Section 3. SAAM (Software Architecture
Analysis Method) is an method to perform evaluation of

These examples are only a few and many more has been
reported, e.g. in [1].

3. General techniques
There are two main principles when conducting a
software architectural evaluation. The first is questioning

The author would like to acknowledge the support provided by the
University of Karlskrona/Ronneby.

1. If you do get something for free, you have most
certainly already paid for it before without even
knowing it.
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important and to be added, as well as some questions may be
outdated or simply not important enough in comparison to
the new added questions.

techniques and the second is measuring techniques. Below
we will take a closer look at both of them.

3.1 Questioning techniques

Checklist - This technique is somewhat in between
scenarios and questionares. The checklist is a more detailed
list than a question list, however the checklist is not written
with only one specific software architecture, or requirement
specification in mind.

Questioning techniques does not need so much
experience in evaluation to perform. However all the
questioning techniques have one thing in common, they do
not support an rational scale. This is because they are in
nature relative. There are three basic questioning techniques.

This makes the checklist technique not as general as a
questionare, but still the same checklist could be applied for
several software architectures within the same domain.
Example of questions on a checklist is “Is the program 100%
PureJava?”, with this question we can most certainly tell
something about the portability of an java program.
However, if we apply this question on a program written in
VisualBasic, the answer is useless. Another kind of question
could be in a concurrent (real time) program “Are all global
data protected from race-conditions?”. This question is very
important from an concurrency point of view, but if our
software architecture, or domain, does not use any
concurrency, then the question is pointless.

Scenario - This technique is based on the fact that we
already have a problem domain, or a requirement
specification. Based on the notion of that we are able to
construct scenarios form the specification. Each scenario is
focused on stressing, or point out, one quality attribute.
There could, of course, be several scenarios that stresses the
same quality attribute, but from a different point of view.
If we, for instance, take the quality attribute
“modifiability”, then one scenario could be to add one
column in the rational database, or if the quality attribute is
about “portability” then our scenario could be to move our
system from Windows95 to the JavaOS. It is easy to draw the
conclusion that scenarios are system specific and has to be
written for each system we build.

This kind of checklists can be applied both early in the
software architecture development process as well as late in
the software architecture development process. This is
basically how the questions in the checklist is constructed
and what level of detail in the software architecture they
require in order to be correctly answered.

In order to handle the scenarios we must have some
details about the architecture and the components that is
included in the system. This makes the scenario technique to
be useful when the software architecture has some maturity.
In other words, we have to iterate our software architecture
a couple of times before applying scenarios on it in order to
evaluate the software architecture.

3.2 Measuring techniques
With this approach to evaluate software architectures we
are actually able to set a (some) figure(s) on how good this
particular software architecture really is. There are,
according to [3], two basic techniques within the measuring
area.

Questionare - This is list of general questions that could
be used to evaluate a software architecture. These questions
is supposed to be available before the activity of creating a
software architecture begins. The kind of questions must be
general, such as, “Do we follow the standards for the user
interface?”. In order to use a questionare we do not need to
know that much about the specification of components or the
exact connections. This will make the use of quesionares to
apply very early in the development of a software
architecture.

Metrics - This is a rather well explored area within the
design and coding phase. It could also be used in the
software architecture phase as well. In order make use of
metrics we must have a good amount of details specified in
the software architecture. This is basically because
otherwise we do not have anything to measure on. The
success of metrics in both the design phase and in particular
the coding phase is that these phases are so formalized that
tools could, more or less, automatically calculate all the
metrics, only given, for instance, the source code of the
system.

The questionare technique demands a more mature
development, and more experience, than for instance the
scenario technique described above. This is because the
questionare is supposed to exists before the development of
the software architecture even starts. However, during the
time of constructing a number of software architectures it is
possible to collect all the general questions and finally
compile them into a questionare.

The metrics could be both general as well as domain
specific. One kind of domain specific metric is a tool for
calculating the rate-monotonic scheduling of a concurrent
real time system. There are also several algorithms to
calculate the maximum waiting time for acquiring a lock
that protect some global data within the concurrent real time

The collection of questions should however not stop
changing at that point, it is important to update the
questionare all the time, some new questions may be found
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Section 4.8.

system domain as found in [4]. Another example, but this
time general, is the traditional metric of coupling and
cohesion, see for instance [8], [6], and [14], that could easily
be used on a software architecture.

4.1 Three basic perspectives
SAAM discusses three perspectives of an software
architecture.

Simulations, Prototypes, and Experiments - This is
things that really costs a lot. To build a simulation tool or
prototypes for one single software architecture is probably
too expensive. However, often some kind of prototypes are
built for demonstrating the systems capabilities for the
customer. Most certainly this kind of prototype could be
used to evaluate the software architecture. This synergy
effect could be possible if at least the software architecture
designer could participate in building the prototype.

Functionality - This perspective is how the system
should work from a functional point of view. Traditional
techniques, such as, object orientated modeling techniques,
could be used. The scoop of this perspective is to break down
the functionality and coarsely describe the behavior of the
system.
Structure - This is the perspective that mostly correspond
to the traditional view of a software architecture. The
structure describes which components the system is build
from and the different connectors that connects the
components.

A discussion has indicated that simulations, prototypes,
and experiments are all subcategories to metrics. If this
claim is entirely true is out of the scoop for this paper.

A simple notation, later to be used in the example, can be
found in Figure 1. The “Process” in the figure is a traditional
process or a single thread-of-control within a concurrent
system. “Computational Component” is what is used to call
a module, procedure, function, method, or such a thing. The
“Passive Data Repository” is about persistent storage of
data, such as in files, etc. On the other hand “Active Data
Repository” is about an active persistent data storage that is
able to inform others whenever a value is changed. There are
also two types of connections, “Data Flow” which is a
connection that is transferring data, both uni-directional as
well as Bi-directional. The connection type called “Control
Flow” is dealing with modules that cal each other, it could
be both uni-directional as well as Bi-directional as shown in
Figure 1.

3.3 Fundamental evaluation technique discussion
When choosing the technique to evaluate a software
architecture there are several questions that must be
answered. Some are:
How mature is our development process?
Are we going to use the evaluation technique for a whole
product family or not?
In which stage of the development process of the software
architecture do we wish to conduct the evaluation?
These are some of the questions that are important. If we
look a little ahead in this paper, we will discover in the next
few sections that all techniques proposed uses slightly
different versions of the scenario questioning technique.
None of the methods described supports the quantitative
approach described earlier. This could be seen as an
immaturity in the software architecture domain, and
particularly in the maturity of evaluation of the software
architecture.

4. SAAM - Version 1
Software Architecture Analysis Method (SAAM) was
developed by Kazman, Bass, Abowd, and Webb in 1994 [9].
The main issue with this method is to compare different
software architectures in order to conclude which one is the
best to proceed with and to become the base for the software
system to be built.
SAAM uses three perspectives of an evaluation of a
software architecture, described in Section 4.1. There are
five steps to follow in SAAM and they are briefly discussed
in Section 4.2 and forward until Section 4.6. An example of
how SAAM works is found in Section 4.7 and this will
hopefully bring the previous sections about SAAM together.
Finally some discussion about SAAM version 2 is found in

Figure 1. A simple notation of the Structure
perspective in SAAM.
Allocation - This perspective maps the Functionality on
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the Structure in oder to find matches and, more important,
where the Structure does not map the Functionality.

happens in those steps when applying the example.
Step 1, The canonical function partitioning - Here we
have a simple task. This is because there really is a good
canonical functional partitioning agreed upon called the
Arch/Slinky metamodel. This model consists of five parts:

4.2 Step 1 - The canonical function partitioning
The first step in SAAM is to find a canonical function
partitioning for the system or domain. Hopefully there are
such a partitioning to be find. Otherwise it may be invented
by specialists within the domain. The output of this first step
is basically the functional perspective described in Section
4.1.

Functional Core (FC) which is responsible for the
functions available for the user.
Functional Core Adaptor (FCA) is executing some
semantic checks on the data the user has written in the user
interface.

4.3 Step 2 - Mapping the canonical function onto the
software architecture

Dialogue (D) is dealing with consistency between
different views of the same data, if the data is changed in one
view the other views should be updated.

Step two corresponds to the Allocation perspective in
Section 4.1. Given to this step is the software architecture
(called Structure in Section 4.1). Based on the Structure and
the Functionality this step maps the functional partitioning
onto the architecture’s structural decomposition.

Logical Interactions (LI) are the building blocks that is
used to compose the user interface.
Physical Interaction (PI) is the low level representation of
the user interface.

4.4 Step 3 - Choosing quality attributes
This third step is dealing with the quality attributes. Here
we select which quality attributes to stress the software
architecture with. Exactly how this selection of attributes is
performed is however quite unclear. Probably it is based on
the requirement specification, but there are many more
aspects to take in count than those found in the requirement
specification. One example is, for instance, whether the
system will become the first system in a whole product
family, and thus quality attributes about adaptability may
become more interesting.

The model is more thorough discussed in [17].
Step 2, Mapping the canonical function onto the
software architecture - In this stage we already have our
software architecture, and in our example we have Serpent
and Garnet.
Serpent is basically partitioned into three pieces. The
“Application” is the part that manages the functionality, the
actual user interface part i s found in “Presentation” and the
third part is the “Dialogue Controller” that is an active
database. In Figure 2 the Serpent model is found with the
Arch/Slinky metamodel already mapped. More information
about the Serpent model can be found in [2].

4.5 Step 4 - Choosing the scenarios
The next step in SAAM is to create a number of scenarios
that will stress the software architecture on those quality
attributes that were defined in Section 4.4. How these
scenarios are created and by who is, however, not defined in
SAAM. Preferably all stakeholders should participate in this
step in order to get as realistic scenarios as possible. Perhaps
the requirement specification could be useful in this step to
find suitable scenarios.

4.6 Step 5 - The evaluation
The last step in SAAM is about the evaluation itself. Now
SAAM iterates through all the scenarios for each software
architecture and to put it simple, the software architecture
which got the most points wins. If no software architecture
fulfills the scenarios then new software architectures must
be found and examined.

4.7 An example
In order to illustrate how SAAM really works we will
present a version of an example found in [9]. It is an user
interface implementation structure that will be examined.
We will go through each step defined in SAAM to see what

Figure 2. The Serpent model mapped upon the
Arch/Slinky meta model.
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and for this the physical implementation of the user interface
must be replaced.

The Garnet model is a traditional layered architecture as
shown in Figure 3 and how it would look like when we map
the Arch/Slinky model upon it is shown in Figure 4. More
information about Garnet can be found in [12] and [13].

Step 5, The evaluation - It is now time to do the
evaluation of these two architectures. Due to space
constraints the motivation of why the evaluation gave these
results must be omitted. However, we will supply a summary
of the evaluation.
Serpent: not easy to change the operating environment,
however it should be easy to add a new menu option.
Garnet: it should be easy to change the environment,
based on the layered model, however, adding a new menu
option is more difficulty,
A summary of this example evaluation must be that none
of the architectures are better than the other, so it is a dead
race. In real there is probably many more quality attributes
that is evaluated and that will distinguish the two different
models.

4.8 Discussion

Figure 3. The Garnet’s layered architecture.

A short discussion about SAAM version 1 will be held in
this section. The discussion will focus on each step and
finally some discussion will be held about SAAM version 1
in general.
Step 1, The canonical function partitioning - Here we
make a very strange, but indeed very strong, thing. We try to
find a canonical function partitioning. Then, what is a
canonical function partitioning? Well, to put it simply, it is
as break-down structure that is known to be good. The
important issue is here that the canonical function
partitioning will not only focus on the functional
partitioning, but also focus on the quality attributes,
basically because those functional partitioning have been
proved to be good. This is however no argumentation about
that issue is found in [9].
Another way of looking at the problem with canonical
function partitioning is that why can’t we use is as it is? It is
canonical, you know!
Figure 4. The Garnet layered architecture with the
Arch/Slinky meta model mapped onto.

Yet another problem with canonical function partitioning
is to find one, maybe there is no one, or if there exists a
number of aspirants which one should we choose? These
questions must also be answered.

Now the mapping is done.
Step 3, Choosing quality attributes - In this example we
are only interested in the quality attribute modifiability.
Specially the extension of capabilities and the adaption to
new operating environments.

Step 2, Mapping the canonical function onto the
software architecture - This might look like a rather simple
step, but indeed, there are certainly a number of pitfalls. A
more rigorous case study of SAAM version 1 could indicate
on some. I think that it requires very skilled and experienced
personnel to do this mapping.

Step 4, Choosing the scenarios - Since we only have one
quality attribute divided into two parts we simply make one
scenario per part. The first part about extending a capability
could be the scenario for adding one menu option. The other
part could be to move the system to another environment,

Step 3, Choosing quality attributes - This is an
important step because this will be our reference when we
compare our software architecture, that will say, if we also
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5.2 Step 2 - Architecture description

quantify the quality attribute. The quantification is not found
in SAAM, only the identification of a quality attribute is
stressed. Where these quality attributes come from is unclear
in SAAM version 1 as well as who is doing the selection.

The next step in this software architecture analysis
method is to construct the specific software architecture it
self. The main thing here is that the SAAM version 2
evaluates software architectures relatively to each other.
This means that not only one software architecture must be
developed, but at least two. It is not needed to fully develop
at least two different software architectures independently. It
is possible to see only different details within an software
architecture to be the different architectures that should be
evaluated.

Step 4, Choosing the scenarios - This is a quite simple
step, just take the scenarios that was developed for, and used
during, the software architecture design phase. If no
scenarios were developed, then this is the time to do it. Once
again it is unclear in SAAM version 1 who is developing the
scenarios.
Step 5, The evaluation - This is simple, maybe too
simple. If we have several scenarios boiling down in one
single simple miss in one software architecture the other
software architectures that maybe have only one scenario
unfulfilled, but is hard to correct, will win the evaluation.

An other important issue that SAAM version 2 stress is
that the notation or language used to describe the software
architecture must be understandable for all the stakeholders
that are involved. The reason for that will be shown in the
section below.

Summary - This technique is not that mature, the use of
a “miracle” thing as canonical function partitioning is the
strongest indication of that.

5.3 Step 3 - Classification of scenarios
The reason why the notation or language used to describe
the software architecture must be understandable for all the
involved stakeholders is simple. This step is about finding
those scenarios that is supported by the given software
architectures and sorting out those scenarios that are not
supported, the activity is called a “walk-through”. This step
is performed with all the stakeholders participating, thus all
stakeholders must be able to understand the software
architecture language or notation in order to evaluate
whether the scenario is supported or not supported.

5. SAAM - Version 2
Software Architecture Analysis Method (SAAM) was
developed by Bass, Clemets, and Kazman, in 1998 [3]. (Yes,
it is more or less the same men behind SAAM version 2 as
the SAAM found in Section 4.) The main issue with this
method is to compare different software architectures in
order to conclude which one is the best to proceed with and
to become the base for the software system to be built. This
sounds like SAAM version 1 found in Section 4., but the
approach is somewhat different since the canonical function
partitioning has been abandoned.

The scenarios that are directly supported by a software
architecture is called “direct”. The scenarios that are not
directly supported by a software architecture is called
“indirect”. Bass, Clemets, and Kazman admit in [3] that the
distinction between direct scenarios and indirect scenarios is
rather unclear. However the authors seems not to explain it
more in detail than as discussed above.

There are six steps to follow in SAAM version 2 and they
are briefly discussed in Section 5.1 and forward until
Section 5.6. An example of how SAAM version 2 works is
found in Section 5.7 and this will hopefully bring the
previous sections about SAAM version 2 together. Finally
some discussion about SAAM version 2 is found in Section
5.8

5.4 Step 4 - Individual evaluation of indirect
scenarios

5.1 Step 1 - Scenario development
Basically when the evaluation starts we do not have any
software architecture developed yet. The first step in the
SAAM version 2 evaluation of software architectures is
therefore actually issued before there exists any software
architecture for our system.

When all the scenarios for the different software
architectures are classified as direct or indirect the next step
is to focus on the indirect scenarios for each software
architecture. The scenarios classified as direct is not any
problem, since they are already supported by the software
architecture. Instead the focus is on the scenarios classified
as indirect.

This first step is about to make scenarios, probably based
on the requirement specification. It is also important, as
stressed in [3], that the different stakeholders (technical
experts, customer, business experts, etc.) also participate in
the development of these scenarios for the software
architecture to be.

For each indirect scenario and for each software
architecture a weight is given by the software architecture
how hard it is to correct or make the software architecture to
fulfill the scenario. The weight is given by all the
stakeholders.
As a funny remark, this step has also three different
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names in [3]; “Reveal Scenario Interaction” on page 195,
“Assessment of Scenario Interaction” in figure 9.1 on page
197, and “Scenario Interaction Analysis” on page 201.

5.5 Step 5 - Reveal Scenario Interaction
The next step in the evaluation is to use the mapping of
scenarios to the components of the software architecture.
Whenever two scenarios that has been classified as indirect
interact with (require changes to) the same component there
may be some trouble within the software architecture about
the level of cohesion. More information about cohesion can
be found in [8], [6], and [14] for instance.
Now what conclusion can we draw from having several
indirect scenarios interacting with one single component?
That depends upon the scenarios. Similar indirect scenarios
that all interact with the same component indicates for a high
cohesion. That is good.

Figure 5. The KWIC in the SM architecture.
The other is an Abstract Data Type Architecture (ADT)
that uses the object-oriented facility of encapsulation, this
software architecture is illustrated in Figure 6.

However, when different indirect scenarios regarded as
more or less unrelated interact on the same component this
will indicate that the software architecture may have low
cohesion. This is not good.
A weightning process occurs in this step as in the
previous step. Here the weight indicates the relative
importance of the level (most likely read as “low level”) of
cohesion for each scenario interaction. Once again all the
stakeholders are involved in the process.

5.6 Step 6 - Overall evaluation
In the last step in SAAM version 2 the overall evaluation
of the different software architectures is performed. This is
simply by adding all the indirect scenarios (with their
weight) for each proposed software architecture. The
weighted values for the scenario interactions are added for
each software architecture.

Figure 6. The KWIC in the ADT architecture.
Step 3, Classification of scenarios - None of the
scenarios are directly supported by the SM and ADT
software architectures, and thus the two defined previously
must be indirect.

This will yield a figure for each software architecture that
will (probably) tell us which one is the best.

5.7 An example

Step 4, Individual evaluation of indirect scenarios Here we take a closer look for each scenario for each
software architecture. The first scenario requires changes in
three modules in the SM architecture (Input, Master Control,
Alphabetize) and three in the ADT architecture (Input,
Shifted Sentences, Alphabetized Sentences). This is a draw.

In order to illustrate how SAAM version 2 really works
we will present a version of an example found in [5]. The
example is an KWIC (Key Word In Context) application. A
KWIC builds a list of all the permutations that the input
sentences can form.
Step 1, Scenario development - Here our stakeholders
simply choose two scenarios; changing the system to work
incrementally instead of as a batch job, and to change the
internal representation of the sentences fed into the system,
such as compressing them.

The second scenario requires changes in four modules in
the SM architecture (Input, Circular Shift, Alphabetize,
Output) and only one in the ADT architecture (Sentence).
This, concludes the authors, is a victory for the ADT
architecture.

Step 2, Architecture description - Here we choose two
different architectures. The first is a Shared-Memory
Architecture (SM) with global data illustrated in Figure 5.

Step 5, Reveal Scenario Interaction - The SM
architecture has the modules Input and Alphabetize involved
in both the scenarios, but the ADT has no common modules
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The problem with weightning occurs again as previously
stated in the individual evaluation of indirect scenarios.

in the two scenarios. ADT is the winner.
Step 6, Overall evaluation - We have totally performed
three comparison, ADT won two of them and in one the was
a draw. Final winner is thus the ADT architecture.

Step 6, Overall evaluation - This step simply adds all the
scores for all architectures. This is good, but it is important
to note that the final scores the software architectures got
will only show the ranking, not the distance between the
software architectures as pointed out in [11].

5.8 Discussion
A short discussion about SAAM version 2 will be held in
this section. The discussion will focus on each step and
finally some discussion will be held about SAAM version 2
in general.

Summary - This technique is rather good in performing
evaluation of several software architectures. However, the
weightning process is very subjective and thus the ranking of
the software architectures may not be as accurate as one
would think. Stakeholders are supposed to participate in
many steps, this could be seen as waste of time by some.

Step 1, Scenario development - This is a step that (in one
way or another) must be performed anyway when
developing a software architecture, regardless if an
evaluation will be performed or not. That is a strength for
SAAM version 2, since this step will not cause any
overhead. On the other side, to have scenarios is more
applicable while developing (engineering) the software
architecture and the “spin-off” effect is that the scenarios
could be used in a evaluation phase as well.

6. ATA
ATA (Architecture Tradeoff Analysis), found in [10] by
Kazman, Klein, Barbacci, Longstaff, Lipson, and Carriere,
is a development of SAAM described in the previous
Section 4. and Section 5. The main issue with this method is
to compare different software architectures in order to
conclude which one is the best to proceed with and to
become the base for the software system to be built. This
sounds like SAAM, but the approach is somewhat towards
the quantitative approach discussed in Section 3.2. However,
the road to quantitavism is long.

Step 2, Architecture description - Whether or not this
step actually should be included in SAAM version 2 as a
method is an interesting question. This step, from my point
of view, should be regarded as a activity separated from the
evaluation of the software architecture. However, the
guideline that SAAM version 2 gives (that all the
stakeholders should be able to understand the used software
architecture language or notation) is important.

ATA uses three aspects described in Section 6.1. There
are eight steps to follow in ATA and they are briefly
discussed in Section 6.2 and forward until Section 6.9. An
example of how ATA works is found in Section 6.10 and this
will hopefully bring the previous sections about ATA
together. Finally some discussion about ATA is found in
Section 6.11

Step 3, Classification of scenarios - This is an important
and nice step since those scenarios that will not cause any
problem is sorted out. However I think that techniques to do
this sorted could be more rigorous described. Or maybe the
simple fact is that there exists no such methods to judge
whether a scenario is fulfilled or not by a software
architecture.

6.1 Two basic aspects in ATA
The ATA method supports two different aspects of a
software architecture; the technical aspects as well as the
social aspects.

Step 4, Individual evaluation of indirect scenarios - It
is good to concentrate on the parts of a software architecture
that may cause future problems. But setting weights on
which problems that are most difficult to correct and not is
very hard. The problem with weightning is found
everywhere in the literature, for instance in [11], for just
mention one.

The technical aspects includes both which data to be
collected and how it will be analyzed.
The social aspects deals with the battle of stakeholders
versus domain-specific experts. The ATA method is
supposed to provide a base for objective negotiation between
the two.

Step 5, Reveal Scenario Interaction - This is a good way
of finding low cohesion, I think. Probably the authors of
SAAM version 2 was not satisfied with the canonical
function partitioning found in SAAM version 1 (see Section
4.2) and they found that this, in my view, much simpler way
do about the same thing. But why settle down with cohesion
only, maybe it is possible to perform evaluation of
cohesion’s partner throughout the literature; coupling. Some
clue how to incorporate coupling as will in this stage can
perhaps be found in [6], [8], and [14].

6.2 Step 1 - Scenarios
First of all the scenarios of the system is developed. The
scenarios is based upon the different views that the
stakeholders each have. This not only shows the usage of the
system, it also forces the different stakeholders to
communicate (or to put it in other words, argue).

6.3 Step 2 - Attribute-Based Requirements /
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Constraints / Environment

performed in parallel.

6.7 Step 6 - Critiques, Tradeoffs

The next step in this evaluation technique for software
architectures is to define quality attributes. These attributes
could be based upon the requirements, which are, once
again, expressed in form of a number of scenarios or
quantified into a value.

In this step the software architectures are analyzed as a
number of whole systems. This is basically done by
summarizing all the information gathered in the previous
step for each software architecture. Critique based on the
opinions of the different experts is documented.

Constraints on the design space are defined as well.
Another important issue in this step is to characterized the
environment for the system. In this case the environment is
not equal to the operating system (although the operating
system will doubtless have a great impact). The environment
is a more general term, indicating for instance the required
performance of the system, the level of security, and
availability.

This is not enough, sensitivity analysis of individual
attributes for specific software architectures are also
performed. The rationale behind this procedure is that the
designer can not predict the real system at such an early
stage as the software architecture. So, in order to know what
happens if the prediction goes slightly wrong, this sensitivity
analysis is performed.

6.4 Step 3 - Design Principles

6.8 Step 7 - Assessment / Refinement Condition

The requirements (both functional as well as quality) of
the system is supposed to be known by now. The search for
techniques to realize the requirements begins.

The next step is to compare the result of the evaluation
(this far) to the requirements stated by the stakeholders. As
soon as some software architecture seems to (more or less)
meet the requirements the task for the software architecture
designer is over and the more traditional design and
implementation will begin.

By applying known techniques to meet the requirements
the (potential) problem found later will be not as severe as if
we did not apply the techniques. The logic is quite clear.

6.5 Step 4 - Architectural Views

The authors of ATA stresses, however, that in practice it is
useful to continue to track the software architecture with this
method. This is simply to support the development phase
and more importantly the maintenance phase later in future.

This is more or less the traditional software architecture
design phase. But there are some interesting features that is
incorporated in this step.

In the case that no software architecture will give
adequate support for the requirements (it probably will not
the first iteration) the last step in the ATA method has to be
executed.

First of all, Kazman, Klein, Barbacci, Longstaff, Lipson,
and Carriere, notes that the software architecture design
does not start from scratch since there are probably some
previous experience, legacy systems or things like that to
rely on.

6.9 Step 8 - Action Plan

Secondly they note that the method is used to evaluate a
number of software architectures, not one single software
architecture. They deal with this problem by stating that the
slightly change within the software architecture will change
the calling behavior or the data flow, and thus, we get a
number of mutated architectures that could be compared to
each other.

The last step is rather simple. It is basically about the
development of an action plan in order to get our software
architectures to conform better to the requirements. This will
give the software architects a chance to point out the issues
that was not supported, maybe throw away those software
architectures that did not conform good at all and so on.
The basic idea is that this step will give new input to drive
the next iteration of the ATA method.

The “how to make a good software architecture design”
is, however, left to the user of the ATA method.

6.10 An example

6.6 Step 5 - Attribute-Specific Analyses

In order to illustrate how the ATA method really works we
will present a version of an example found in [10]. The
example is a Remote Temperature Sensor (RTS) and we will
investigate the properties of price and performance. In this
example we have a number of clients that will read the
temperature value from a number of temperature sensors
collected by a single server. Before we goes through all the
steps in ATA with this example, I would like to note that it is
not entirely clear, from [10], where the exact steps starts and

The attributes that were identified in Section 6.3 is
analyzed together with the scenarios developed in Section
6.2. The attributes are analyzed individually on the different
software architectures by applying the scenarios upon them.
The ATA does not suggest how this analyze per attribute
is performed, instead, the authors stress explicitly that this
analyze should be done by experts on the particular attribute
or attributes that form domain. This process could easily be
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from the performance analysis, we conclude that the jitter
may not exceed 20 seconds. The result of the performance
analysis is found in Table 1. Here we can see that the ClientServer does not meet the requirements entirely.

ends.
Step 1, Scenarios - This step is not in the example in [10].
A general description of this step is found in Section 6.2.
Step 2, Attribute-Based Requirements / Constraints /
Environment - Here we find three requirements; Clients
gets temperature after maximum F sec after a control request
(req. 1), Clients must receive temperature value within the
period (req. 2), Update must not exceed 2 periods (req. 3).
We also note that the environment has the following
characteristics; Different timing values and latency times,
Relatively infrequent control requests, Requests are not
dropped, No message priorities.

Table 1: The performance analysis.
Architecture

Worst-case Control
Latency (seconds)

Average-case Periodic
Latency (seconds)

Jitter
(seconds)

Client-Server

41.12

5.10

20.40

Client-Server-Server

20.56

2.55

9.52

Step 6, Critiques, Tradeoffs - Here we aim again to the
two aspects we had from the beginning, performance and
price. To sum the evaluation the Client-Server software
architecture has poor performance, but is cheap, whereas the
Client-Server-Server software architecture has good
performance, but is more expensive. In other words, it is a
draw.

Step 3, Design Principles - This step is not in the
example in [8]. A general description of this step is found in
Section 6.2. I believe it is here the client-server model is
found.
Step 4, Architectural Views - The different proposed
software architectures are designed. Two software
architectures were selected; Client-Server and ClientServer-Server. Both are illustrated in Figure 7 and Figure 8,
respectively.

Step 7, Assessment / Refinement Condition - Here we
identify the problems with the proposed architectures, which
in this example is rather simple.
Step 8, Action Plan - The action plan is to continue the
investigation of these two software architectures and to
make appropriate action plan, which is not discussed in [10].

6.11 Discussion
A short discussion about ATA will be held in this section.
The discussion will focus on each step within ATA and
finally some discussion will be held about ATA in general.
Step 1, Scenarios - This is the traditional step, as it
seems, when performing software architecture evaluation.
The critiques found in this step in Section 5.8 will apply for
ATA as well.

Figure 7. The Client-Server software architecture
for the RTS system.

Step 2, Attribute-Based Requirements / Constraints /
Environment - Here we have a, for me, rather strange thing,
why make a difference of several quality attributes in the
way they do? Is not the environment (such as performance)
etcetera just as any ordinary attribute? If we already had
(which we don not) a software architecture the difference
might would have been a little bit clearer. However, the step
is very important and should not be abandoned just because
this small confusion.
Figure 8. The Client-Server-Server software
architecture for the RTS system. This software
architecture uses redundant servers.

Step 3, Design Principles - It is a good idea to look
around for techniques that (automatically) supports or solves
the attributes. But however these quality attributes are often
orthogonal, see [16], and it is thus hard to apply all of them
that are required to fulfill the attributes.

Step 5, Attribute-Specific Analyses - In order to define
the performance issues, a simple queueing theory is used.
More on performance estimation using queue theory can be
found in [15]. Before we take a closer look at the results

In my point of view the authors are back to the canonical
function partitioning discussed in Section 4.2 (SAAM
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architectures has a long way to travel before they can be
considered mature. The base for this claim is that all
evaluation techniques found in this paper heavily relies on
the scenario method for evaluation. The scenario method can
not be re-used between different system and possibly not
even between different systems within the same product
family.

version 1) and it’s more or less magical solution to
everything. However, the authors have more solid ground to
stand on this time.
Step 4, Architectural Views - This is once again the
traditional development of the software architecture. The
authors do not stress anything that is new or gives anything
that will help the analysis of the software architecture.

The more mature techniques, such as measure techniques,
has not been considered at all. That is a pity. Moreover, the
more preventive approaches, discussed in Section 3.1, are
not being used either. The use of checklists and questionare
will not only be used as evaluation techniques. In practice
they are also used as a simple form of guidelines for the
personal involved in designing the software architecture.

But, I must stress that the things stressed by the authors in
this section is not worthless, on the contrary, it is very useful
information, but not in the analysis domain, however.
Step 5, Attribute-Specific Analyses - It is a very good
idea not do fix any specific analysis method for the
individual quality attribute. But however when we are using
experts it is very important to have a well developed
language or notation to express the architecture.

As a final conclusion the work with software architect
evaluation is not reaching the beginning of the end, the
evaluation is not even reaching the end of the beginning. The
road is very long.

The language or notation must not only be complete (in
the sense that the document will be enough to give the expert
information) the language or notation must also be
commonly used in order to be (quickly) understandable by
the experts. These issues hold the good idea a little back
today, since there are not any (good) standard way of
expressing software architecture, neither in industry, nor in
academea.
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Abstract

as possible, preferably at the software architecture level.
When evaluating quality attributes we can not use a
general purpose evaluation technique for all attributes.
Since the nature of them are such that the different
techniques are not equally good at revealing weaknesses of
the different quality attributes.

Even though the software engineering community has
paid closer attention and done a lot of work around
software architecture in recent years, it is still an immature
area, with many unanswered questions. Provided that a
software architecture exists, how do we know that it will
meet it’s requirements? Especially it’s quality requirements.
Evaluation techniques exists, and in this paper we will
present an overview of how a software architecture can be
evaluated against it’s quality requirements.

It should be noted that just because an architecture can
present quality attributes that will fulfill the quality
requirements, the implemented system can still fail on this
point [2]. A lot of things can happen in design and
implementation that is not reflected in the architecture, and
thus not included in the evaluation.

1. Introduction
A survey of nine software contracts performed by
General Accounting Office (GAO) in 1982 showed that
only 2% of the software could be used as delivered. We
believe that one of the key factors for this major failure is
concerned with how these contractors handled the quality
attributes.

The remainder of this paper is organized as follows: In
the next section we try to summaries some important
concepts and how they are connected. Then we present a
couple of views on how to classify quality factors.
Following that we look at some basic design components
for an architecture and how they are expected to affect the
quality attributes of the system. Finally we look at a couple
of techniques for evaluating an architecture.

Change of customer needs can account for some of the
failures, where an evolutionary delivery [9] or some other
process oriented approach might have avoided the
catastrophe. However, we believe that a major part of the
failed projects, failed because the quality requirements
where not fulfilled.

2. Requirements
In IEEE-Std. ‘610’ the definition of requirements is:
1. A condition or capacity needed by a user to solve a
problem or achieve an objective.

There can be many causes behind this, the quality
requirements where perhaps specified sufficiently, or not
tested properly or if a test showed that a quality requirement
where not met, it was to late and/or costly to correct it. The
quality requirements can not be solved at the end of the
project and sprinkled on top of the system [11], they must
be considered from the start.

2. A condition or capability that must be met or
possessed by a system or system component to satisfy a
contract, standard, specification, or other formally imposed
documents.
3. A document representation of a condition or capability
as in 1 or 2.

Given that there exists a proper attribute requirement
specification and a plan for how to test the requirements, it
is a well known fact that if we can take corrective actions
early in a project it will be less expensive [6]. Therefor we
would like to test the quality attributes of the system as early

This definition is too general to be of any practical use, it
would be equally adequate for a hardware system as for a
software system. Other definitions are:
A requirements specification provides a way of
communicating a common understanding of the intended
system, as a basis for a contract and as basis for evaluation
of the final product [15].
The specification contains the system requirements,
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Completeness as criteria.

which include requirements on software, hardware and
mechanical requirements [4]. One way to divide the
software requirements is into functional and quality
requirements.

Table 1. Definition of Software Quality Factors

A system is constructed from a set of requirements. Its is
common to divide these requirements into two main types.
Requirements that directly focus on the functionality of the
system and requirements that focus on other issues, like cost,
the use of a particular development model, how usable the
system is, etc.
The functionality is specified with functional
requirements, it is possible to solve such a requirement with
a set of software functions.
The other issues of a system is often referred to as quality
requirements, those requirements can not directly be
fulfilled with software functions. To fulfill these
requirements the structure of the functions, how the
functions are constructed, what development method that is
used, etc. has to be addressed.
Quality requirements are also referred to as nonfunctional requirements or non-behavioral requirements
[15]. In [2] non-functional requirements is considered as an
unsuitable term, it gives the impression of requirements for
lack of functionality, therefor we will use the term quality
requirements in this paper.

Quality Factor

Definition

Correctness

Extent to which a program satisfies its specifications
and fulfills the user’s mission objectives

Reliability

Extent to which a program can be expected to perform
its intended function with required precision

Efficiency

The amount of computing resources required by a program to perform a function

Integrity

Extent to which access to software or data by unauthorized persons can be controlled

Usability

Effort required to learn operate, prepare input, and
interpret output of a program

Maintainability

Effort required to locate and fix an error in an operational program

Testability

Effort required to test a program to ensure it performs
its intended function

Flexibility

Effort required to modify an operational program

Portability

Effort required to transfer a program from one hardware configuration and/or software system environment to another

Reusability

Extent to which a program can be used in other applications - related to the packaging and scope of the
functions that programs perform

Interoperability

Effort required to couple one system with another

2.1 Attributes
Our view is that quality factors can be used to describe
software quality in general term. The quality requirements is
addressing quality factors and the criteria. The instances of
the quality factors in a specific software is called attributes
and can be measured against the quality requirements.

Under development a software system we will have a set
of quality attributes, when complete the quality attributes
will be fixed and is then called system attributes.The system
attributes can be measured, and we will be able to tell if the
quality requirements are fulfilled or not. When we measure
the quality attributes we are interested in predicting if the
quality requirements will be fulfilled or not.

3. Classifications of quality factors
3.1 ISO/IEC 9126

2.2 Quality Factors

In the standard ISO/IEC 9126 software product quality is
identified as six top level characteristics, see Table 2.

The term Quality Factor is described in [14], quality
factors are at the highest level in the software quality
measurement framework. Each quality factor has a number
of criteria (also referred to as quality attributes [14], [16])
that must be fulfilled before the factor can be fulfilled. The
criteria address measurable entities of a software system.
Table 1, taken from [14], is McCall’s definition of software
quality factors, each of these has a number of criteria
associated with them. As an example the quality factor
Correctness,
has
Traceability,
Consistency
and

Table 2. Software quality characteristics
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Quality characteristic

Definition

Functionality

A set of attributes that bear on the existence of
a set of functions and their specific properties.
The functions are those that satisfy a stated or
implied need.

Reliability

A set of attributes that bear on the capability of
software to maintain its level of performance
under stated conditions for a stated period of
time.

Usability

A set of attributes that bear on the effort needed
for use, and on the individual assessment of
such use by a stated or implied set of users.

Figure 1. Example of attribute properties
User error rate
SCALE = % acts changed
TEST = by computer logging
WORST = > 10%
PLAN = < 3%

Table 2. Software quality characteristics
Quality characteristic

Definition

Efficiency

A set of attributes that bear on the relationship
between the level of performance of the software
and the amount of resources used, under stated
conditions.

Maintainability

A set of attributes that bear on the effort needed
to make specified modifications.

Portability

A set of attributes that bear on the ability of the
software to be transferred from one environment
to another

What to be measured is defined by the Scale-property.
How this measurement is to be performed is defined by the
Test-property. The required value is defined with the Planproperty. The Worst-property defines the worst acceptable
level. If a measured value is bellow the worst level, the
system will be rejected.

These top-levels can be divided into sublevels by the user
of the standard. Performance will, for instance, be a sublevel
to efficiency. If this model is used as a basis for a product,
ISO/IEC 9126 recommends that suitable metrics for the
quality requirements should be selected, and how to measure
them. Most software quality models do not suggest what
metrics should be used [16].

If Scale, Test and Plan can not be defined, then the
attribute requirement needs to be divided further. (E.g.
usability was to vague, it had to be defined in terms of “User
error rate”, “User productivity”, etc.)
In [9] Gilb suggests that several Test-properties can be
specified with a qualifier indicating when in the
development-cycle the tests should be performed, see Figure
2. we could add a qualifier for the architecture phase.

3.2 IEEE-Std ‘830’
In this IEEE standard quality requirements are considered
in terms of performance, external interfaces, design
constraints and quality attributes.
Performance requirements deal with the static and
dynamic requirements put on the user and system. External
interface requirements addresses hardware, software,
communication and user interfaces. Design requirements
could be that the development team has to follow certain
standards. Quality attributes are concerned with the
characteristics of the system, e.g. maintainability, reliability,
security, etc.

Figure 2. Qualifying the Test-property
...
TEST(design phase) = use Fagan’s
inspection method data
TEST(coding phase) = use unit test
procedures.
TEST(architecture
phase)
=
use
simulation
...

3.3 Gilb
In [9] the requirement specification is referred to as
attribute requirement specification. Where the attributes are
characteristics of the system which represents
constraints.Two types of attributes are described, quality
attributes and resource attributes. For quality attributes we
are striving to reach a certain minimal level (e.g. number of
transactions per second) while we for resource attributes
must not use more than a certain maximum level (e.g. time,
number of people, money).

Gilb has classified a set of quality attributes, see Figure 3.,
as a help for software engineers to identify critical attributes.
The description of them in [9] also include information so
that dependencies between the attributes can be seen. Workability measures how able the system is to perform work.
Availability measures how much a system is usefully
available to perform the work that it was designed for.
Adaptability measures the ability of the system to be
changed in efficiently. Usability measures how well people
are able and motivated to use the system. An uncommon, but
important sub-attribute to usability is likability, which is
defined as how well people like to use the system.

The measurability principle says “All attributes can and
should be made measurable in practice” [9]. Each attribute
requirement should have a Scale, Test, Plan and Worst
property, in [9] more properties are described. In Figure 1.
an example of a sub-attribute to usability can be seen.
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Figure 4. Transformation of an untestable
requirement
The system should be easy to use by experienced
controllers and should be organized in such a way that
user errors are minimized.

Figure 3. Gilb’s classification of quality attributes
Process capacity
Storage capacity
Responsiveness
Workability
Availability
Adaptability

Experienced controllers should be able to use all of the
system functions after a total of two hours training. After
this training, the average number of errors made by
experienced users should not exceed two per day.

Reliability
Integrity
Maintainability
Improvability
Extendability
Portability

3.5 McCall

Usability

As we described in section 2.2, McCall’s software quality
model included quality factors (see Table 1). The quality
factors can be classified in relation to a life-cycle
perspective. In Table 3, collected from [8], [14], the quality
factors involved in the three different life-cycle views and
their required criteria can be seen.

Entry requirement
Learning requirement
Handling ability
Likability

3.4 Sommerville

Table 3. McCall software quality model

In [17] Sommerville divides system quality requirements
into three classes.
Product Requirements. Characteristics that the system or
subsystem must possess. For example Usability, Reliability,
Portability, Efficiency. These can be further divided if
required. E.g. efficiency can be divided into performance
and space requirements.

Use

Factor

Criteria

Product operation

Usability

Operability, Training, Communicativeness, I/O volume, I/O rate

Integrity

Access control, access audit

Efficiency

Execution efficiency, storage
efficiency

Correctness

Traceability, Consistency, Completeness

Reliability

Error tolerance, Consistency,
Accuracy, Simplicity

Maintainability

Consistency, Simplicity, Conciseness, Modularity, Selfdescriptiveness

Testability

Simplicity, Modularity, Instrumentation, Self-deceptiveness

Flexibility

Modularity, Generality, Expandability, Self-descriptiveness

Reusability

Generality, Modularity, Software
system independence, Machine
independence, Self-descriptiveness

Portability

Modularity, Self-descriptiveness, machine independence,
Software system independence

Interoperability

Modularity, Communications
commonality, Data commonality

Process Requirements. Concerns the development
process. Requirements for a certain development method,
tool to be used or certain standards to be followed.
External requirements. Requirements that are placed both
on the product and process. Can come from the enterprise
itself or from the surrounding world. Examples are policies,
requirements for interoperability with other systems, cost
requirements.

Product revision

At a first glance it may seem that the product
requirements are the only ones interesting to be evaluated at
the architecture level. But consider a policy (an external
requirement) that states “40% of the code should be
reusable”, this affects the reusability attribute which will be
relevant to evaluate.

Product transition

As Gilb [9], Sommerville states that the quality
requirements must be testable. An example, taken from [17]
of an untestable quality requirement transformed into a
testable requirement can be seen in Figure 4.

Product operations are relevant from a customer
perspective: How well does the product operate? Product
revision is relevant after the system has been delivered and
needs maintenance. Product Transition is interesting if the
lifetime of the system is long, and for example need to be
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It would be useful if we could have a system where we
used the quality requirements as input, and as output we
would get a architecture based on suitable styles and patterns
that would fulfil those requirements [7].

moved to other environments.
As can be seen in Table 3 some criteria appear more than
once. For instance modularity is a necessary criteria for all
product revision and product transition factors. This fact can
be used to see which quality factors affect each other.

We do not know if such system exist, the methods
available [2], [3], [4], [12] works in the opposite direction.
An architecture is given as input, and as output we get, at the
best, an indication if the quality requirements will be
fulfilled or not.

In [15] the importance of the interrelationship between
different quality requirements has been noted. This relations
can be of synergistic nature, satisfying one requirement will
help satisfy another, or conflicting nature, the satisfaction of
one requirement will cause another to be unsatisfied. The
McCall software quality model provides at least a basis to
identify synergistic requirements. If a new entity, anticriteria, is introduced to the model, where the anti-criteria
for a quality factor would be those criteria that affect that
factor in a negative way, we could perhaps use it for the
conflicting requirements as well.

However it is possible to reason about which quality
attributes a certain style or structure of the architecture will
affect. We will look briefly at some basic ways an
architecture can be structured and how this affects the
quality attributes.

4.1 Architecture Styles
In [2] recurring architectural patterns is discusses, these
kind of patterns are divided into architectural styles and
design patterns. For a summary of styles and patterns, see
[7]. Patterns usually solve a recurring problem at a general
level. When a software engineer is confronted with a
problem, he or she might be able to classify that problem to
resembling a certain pattern. For that pattern there might
exist a hands-on approach to solve the problem.

3.6 Summary of quality requirements
There exists a number of classifications and definitions
for the quality factors. As stated by Sommerville, Gilb and
others, it is important that the requirements are testable and
measurable. Gilb’s method allows for adding Test criteria at
an architectural level.
We find McCall’s classification of quality factors and
their criteria very useful, since it makes it possible to se
which quality factors that relate to each other.

The nature of the different patterns and styles will affect
the quality attributes of the system. If this is known, then
patterns and styles can be selected or rejected depending on
what quality attributes we currently focus on.

Conflicting quality requirements can be handled by
relating each requirement to a higher level goal. These goals
have different priorities and critically and can serve as a
guideline on how to priorities the requirements [15].

An architectural style is defined as a set of component
types that performs some kind of runtime function, a
topological layout of these components describing their
runtime interrelationship, semantic constraints put on the
components and connectors that are used for
communication, coordination or cooperation among the
components. We will look briefly at some basic architectural
styles.

A useful classification of quality attributes are to divide
them into those that are observable via execution, and those
that are not observable via execution [2]. In McCall’s model
[14] the Product operation factors would be observable and
the product revision and product transition factors would not
be observable. In [4] the quality requirements is classified as
development quality requirements and operational quality
requirements.

Data Centered. Global data is accessed and updated in a
data store. The blackboard style is an example of a data
centered style. These styles are usually chosen because the
integrability of data is high.

We believe that there exists common ways that the
development quality requirement can be evaluated, while
different evaluation techniques are more suitable for the
operational quality requirements.

Data Flow. The system is viewed as a series of
transformation to a stream of data, for instance a pipes and
filters. Reusability and modifiability is the focused quality
attributes.

4. Software Architecture and quality attributes
Making statements about a systems attributes at an early
state is feasible but hard. Being able to see if a system will
fulfill its quality attributes early in the development cycle
means that corrective actions can be taken early if necessary.
Which is cheaper than correcting a ‘bad’ solution, or
perhaps rejecting the chosen solution.

Virtual Machine. Hide and simulate the underlying
functionality. Interpreters work this way where portability is
important.
Call and return. Functions are solving their tasks by
possibly calling and collecting the result of other functions.
This style has been very common for the last 30-years. A
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system.

layered architecture can be mentioned as example.
Modifiability and scalability is affected.

5. Evaluation Methods

Independent component. A number of objects or
procedures that communicates through messages. Event
based systems work this way. Modifiability is a reason for
choosing this style.

There exists a number of techniques for evaluating a
software architecture [1], [4], [5]. For qualitative evaluations
questioning techniques are used. Three basic questioning
techniques are scenario, questionnaire and checklist.

Some attempts to measure how different styles affects
performance has been made [3]. Three architectural styles,
pipes and filters, layered style and blackboard, with variants
where measured for performance. Four performance
indicators where used and measured by a architecture
simulator: throughput, average response time, queue time
for events and queue length for components. The result
showed that the blackboard style was better from a
performance perspective than the pipes and filters and
layered styles.

For each quality requirement a number of scenarios can
be constructed. The goal of the different scenarios is to
expose the quality attribute as much as possible, revealing
the systems potential weaknesses.
A questionnaire is a collection of general questions that
can be used to evaluate the system. Common scenarios for
older projects can be collected to a questionnaire.
A checklist has a number of yes/no questions. To be able
to answer these questions separate questionnaires or
scenarios might have to be used.

4.2 Unit operations

Scenarios are developed as a part of the evaluation
process, while questionnaires and checklists should exists
before the project starts. These can be based on experience
of common general questions from older projects.

Unit operations can be viewed as fundamental operators
for design. The first step in finding a structure that fulfills a
quality requirement lies on a high level. For instance it is
easy to see that reliability can be achieved by replicating a
critical part. As long as one copy is working correctly the
whole system need not fail even if all other copies has
failed1.

Evaluating a software architecture in a quantitative way is
hard since more information about the system is generally
required. Two basic techniques exists: Metrics and
Simulation. Prototypes and Experiments fall under the same
category as Simulation.

Some common unit operations as identified in [2], [11]
are Separation (Dividing the functionality of the system into
separate components), Replication, Compression (merging
two or more components into one, i.e. the opposite of
separation), Resource sharing (encapsulation of data or
services for sharing of multiple clients).

Metrics is being more and more used to measure the
design or implementation of a system, i.e. if the system
fulfills it’s requirements, if the system is ready for delivery,
if budgets are kept, etc.

As an example separation will minimize the effects of a
change in the environment for the components and changes
in one component will not effect others, thus separation is
suitable for modifiability and portability. Separation can also
increase performance, if the separation is done in such a way
that some components can be executed concurrently, but if
the separation means that an extra layer is added to a layered
architecture, performance will most likely decrease.

The problem of using metrics for software architecture
evaluation is that rather much detail is required, perhaps so
much detail that we are no longer measuring an architecture
but a design.

If the developers of a system are talking in terms of
resource sharing, it is easy to see that a blackboard style will
be more appropriate than a layered style.

For simulations and prototypes a skeleton of the
architecture is usually built. The components and how they
are connected is implemented. The detail of the
implementation and what parts are that need to be
highlighted depends largely on which quality attributes to
evaluate. For example, if the performance characteristics of
the system is to be evaluated a simulated load can be added
to the components [3].

We believe that for the critical quality attributes it will
sometimes be necessary to specify the effected components
in so much detail that metrics can be used.

We believe that unit operations can be a very useful guide
on which architectural styles and patterns to be used for the
1. For hardware, replication means that a mechanical problem (e.g. disk crash) does not cause the system as a whole to fail. Software failures are often
caused by “bugs”, the copies will most likely all
contain the same “bug” and if one fails, the others
will most likely do so too.

The different evaluation techniques has different
applicability, some are very general, and can be used and
reused for many different architectures, while others have to
be developed for each unique architecture, as can be seen in
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Figure 5. Simple model of reading sensor values

Table 4, taken from [1], Scenarios has to be developed for
each architecture, while a questionnaire can be seen as
general-purpose approach. It can also be seen that metrics,
as stated earlier, needs much more detail than for instance a
questionnaire. Some evaluation techniques are applicable
early in the development phase, some addresses the
development process as well as the artifact as such. For
example a question in a questionnaire or checklist could be:
“Do you have an architect?” [1].

Send request

Wait

Receive answer
Table 4. Properties of the evaluation approaches
Review Method

Generality

Level of Detail

Phase

What is
evaluated

Scenarios

systemspecific

medium

middle

artifact

Questionnaire

general

coarse

early

artifact,
process

Checklist

domainspecific

varies

middle

artifact,
process

Metrics

general or
domainspecific

fine

middle

artifact

Simulation,
Prototype,
Experiment

domainspecific

varies

early

artifact

Evaluate answer

Alarm?

Alarm!

If the architecture is changed, so that we evaluate the
previous result while we wait for the current answer, we will
have a alarm response time of 200*(2+2+8) + 5 ms = 2.4 s,
this architecture is acceptable regarding the evaluated
requirement.
Objective reasoning is done with logical arguments.
Experienced software engineers might have a “hunch” that
something is wrong with the architecture, by constructing
suitable scenarios they can display the architectural flaw to
others.

Other methods to evaluate a software architecture are
mathematical modeling and objective reasoning [4]. For
mathematical modeling one could use Markov chains [18],
representing the design of the system, scenarios could then
be derived from the Markov model of the system. As an
example of mathematical modeling, taken from [4], consider
a fire-alarm system which polls 200 sensors in a round robin
fashion. We have a quality requirement: “The worst case
alarm response time should not exceed 3 s”. Assume that the
polling is done as Figure 5., taken from [4], suggests.

5.1 SAAM
Software Architecture Analysis Method (SAAM) is an
evaluation method centered around scenarios and it’s prime
issue is to compare different architectures describing the
same system. SAAM provides a method for an early, course
grained evaluation of software architectures.
In the first version of SAAM [6], [10], [12], the
architecture had to be described from three perspectives.

We estimate, based on our knowledge of network
latencies, etc., that send request takes 2 ms, receive answer
takes 2 ms, evaluation takes 5 ms, and the communication
takes 8 ms. We calculate that the alarm response time will be
200*(2+2+5+8) ms = 3.4 s. This architecture can not be
accepted.

Functionality. What the system should do. Breaking down
the functionality by, for instance, using object oriented
modeling techniques.
Structure. In this perspective the structure of the
architecture should be captured. By identifying components
and connectors. Components can be either computational
entities or persistent data repositories. Connectors describe
the communication and relationship between the
components.
Allocation. Determines how the functionality is
represented in the structure. The description of the
architecture is constructed.
A five-step method is used for analyzing the architecture.
Step one is to find a canonical function partitioning, i.e
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Step four: Generate architectures, it is important that
multiple competing architectures exists.

the functionality perspective described earlier.
Step two: Map functionality to structure, i.e the
Allocation.

Step five: Analyses each quality attribute of the different
architectures in isolation.

Step three: Select which quality attributes to look at in the
architecture.

Step six: Critique the different architectures, based on the
analysis from step five. To a sensitivity analysis to be able to
identify trade-off points more easily, i.e. points in the
architecture where two or more quality attributes are in
conflict.

Step four: Create scenarios that will focus on the selected
quality attributes.
Step five: The evaluation step. Iterate through the selected
scenarios for each architecture to evaluate. Step five will
generate data for the quality attributes of the different
competing architectures which can be compared, and used
as a basis for which architecture to chose.

Step seven: Compare the different analyses, when an
architecture seems to meet its requirement, the development
of a detailed design can start.

In it’s second version [2] SAAM has evolved. A six-step
method, quite different from the earlier version is used.

Step eight: If an analysis reveals a problem, action plans
has to be created that addresses how the problem should be
resolved.

Step one: Construct the scenarios, note that no
architecture description exist at this stage, the scenarios are
created with the quality requirements in focus.

5.3 The ARCS method
A problem identified in [4], is that today each research
community only focus on a single quality attribute when
constructing systems.

Step two: Describe the architecture in a notation
understandable by the parties involved.

A large problem with quality attributes is that they are
very often connected to each other. Either in a positive way,
e.g. if availability is increased, reliability is probably also
increased, or in a negative way, e.g. if reusability is
increased, performance is decreased. This problem has
caused the different research communities to focus on ‘their’
quality attributes only, and in the worst case ignoring the
other attributes totally.

Step three: Classify the scenarios into direct and indirect
scenarios. A scenario is direct if it is supported by the
architecture and indirect if it is not, i.e. the architecture need
to be changed in some way for the scenario to be supported.
Step four: For each indirect scenario, list the changes
needed in the architecture for the scenario to be supported.
Step five: Reveal interactions among the scenarios. If two
or more indirect scenarios requires changes to the same
component they are said to interact. High interaction among
different scenarios indicate a low level of cohesion, i.e. high
structural complexity.

In [4] this is found unsatisfactory and a method, which we
will call the ARCS method, from the name of the research
group, is presented.
As can be seen in Figure 6., taken from [4] (To suit our
terminology better we changed non-function-requirement to
quality attribute), the requirement is used as input and an
architectural design is constructed. This architecture’s
quality attributes are evaluated, each quality attribute is
evaluated with the technique most appropriate for that
attribute, if all quality attributes match the required level,
everything is ok, and the detailed design of the system can
start. Otherwise the architecture has to be transformed, this
will generate at least one new architecture, which is again
evaluated. This is iterated until the quality attributes are
estimated to be at a sufficient level, or the requirements are
changed.

Step six: Evaluation of the architecture. Weights
indicating their importance should be assigned to the
scenarios.
See [5] for a more detailed summary of SAAM.

5.2 Architecture Trade-off Analysis Method
ATA (Architecture Trade-off Analysis Method) [13] is
developed from SAAM. The ATA model takes more concern
of the stakeholders than SAAM, and scenarios based is not
the only evaluation technique used. Eight-steps are required.
Step one: Develop the scenarios, these are based on the
different views of the stakeholders.
Step two: Identify and describe the requirements,
constraints and environment of the system.
Step three: Use standard engineering principles to handle
the requirements. For instance introducing redundancy to
handle the reliability requirements.
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Figure 6. Outline of an architectural design method
Requirement
Specification

used, will make the architects more aware of the quality
attributes and their importance, which in turn hopefully will
lead to better systems and a higher number of satisfied
customers.

Functionality-based
Architectural design
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Abstract

be further elaborated.
A specific form of desired quality concern the matter of
reuse, and some structures might be specifically associated
to reuse. Still one more general benefit is that, if design can
be provided with higher grade of clarity, it also increases the
possibilities to reuse it. This is also the fact for an actual
system. A well documented system, in terms of a well
describing architecture, also increases the possibilities of
reusing system components.

The concepts of styles and patterns have arised from the
fact that certain ways of organizing software elements, have
proved themselves to have good properties, such as giving
clear overall descriptions of software on different levels of
abstraction, and acting as solutions to different kinds of
system requirements. This fact is the result of repeated use
of such software element organizations, by software
engineers developing systems more or less independent of
each other. As the size and complexity of software system
continuously increases it has become more and more
important to have ways of choosing suitable ways of
describing software architectures. The is on one hand for
clarity reasons, and on the other hand, maybe even more
important, because of reasons related to software quality.
This paper will discuss the role of styles and patterns in the
area of software architecture. The discussions, will mostly
be with perspective in existing materials. However, problem
statements will also be stated, among others, through a
hypothetical automated system to support style and pattern
based architectural descriptions.

The matter of the role of styles and patterns is important
because they provide aspects on software architecture
addressing matters like clarity in descriptions, and software
qualities. The role is however not totally clear. One of the
reasons to this is that the meaning of ‘software architecture’
is not totally clear. A software architecture can be seen as an
overall description of a system. More formally [2] defines
the concept of software architecture in the following way:
“The software architecture of a program or computing
system is the structure of structures of the system, which
comprise software components, the externally visible
properties
of
those
components,
and
their
interrelationships”. This rather exhaustive definition, still
leaves open questions, such as what levels of abstraction
should be provided by an architecture. Other questions
concern the correspondence between architectural
components and system components, and if an architecture
always is connected to a system.

1. Introduction
Experienced software designers and engineers have tent
to reuse much the same design of elements over and over
again, because of the well known properties these implies.
More or less informal terminologies have been used to
describe the chosen design, such as a “Client and Server”
structure, or a “Pipes and Filter” structure. Styles and
patterns can loosely be seen as certain ways of organizing
software elements. During the 1990th styles and patterns,
have more and more influenced software design and
engineering. This can be seen as a result from constantly
growing software, in size and complexity, and the need this
brings to design software in suitable ways. But the real
breakthrough have been the start up of communities and
conferences (e.g. PLoP [12]), and the publishing of books
and catalogs (e.g. [6]), concerning the concepts and their
effects. A contribution of such work is that the previously
informal descriptions instead get formalized, and it has
several effects. Some examples are that common
terminology will be used, the meaning of a structure can be
more precise and qualities of certain design structures can

The purpose of this paper is to attempt a discussion on
the role of styles and patterns within software architecture.
The slightly lack of exact definitions will of course have
influence on such discussions. An example of this is how
deep in detail styles and patterns should support
architectural descriptions. On the opposite, another
example is how much details that should be provided by
styles and pattern. There seem to be an agreement on that
architectural descriptions should at least not consider
system implementation details.
The discussions will mainly be held in perspective of
existing materials. Still problems will be stated, and in some
situations in perspective of a hypothetical system to support
style and pattern based architectural descriptions. Such a
system should be acting as a laboratory, where different
45

First, however something about the choice of
terminology. [2] provides a discussion on the choice of the
terms functional- and nonfunctional properties. The
discussion says that the term functional property usually
addresses the behavior of a system. On the other hand, the
term nonfunctional is used as a bucket for anything else, and
not something in the opposite of the functional properties.
Instead the term ‘quality attribute’ is proposed. This paper
will accept his proposal.

properties could be combined to fulfil certain requirements.
The Aesop system (see [7]) is a system to create
architectures based on styles. The main perspective is here a
name of a style, which points out properties associated with
the style. When a style is chosen, an environment containing
the styles’ specific properties is generated. From this
environment the architecture based on the style is further
developed.
It might also be desirable to have other parameters as
input to an architecture support system. An example on this
might be parameters regarding requirements associated with
an architecture. Another example might regard a context a
system is going to act within. Still another example might
concern arbitrary structures based on basic types of
elements.

Quality attributes are according to Bass et. al. ([2])
divided into two main categories:
- Observable via execution.
- Not observable via execution
Quality attributes observable via execution address
questions like, how well a system satisfies the behavioral
requirements during execution, or if the system functions as
desired when connected to other systems. The following
attributes within this category are covered:

To be more precise, the system discussed here is a fictive
one. It is only used as a perspective on the discussions within
this paper.
The rest of the paper will be structured as follows: Firstly
in section 2, there will be a preliminary discussion on
software qualities, in terms of quality attributes that
architecture need to fulfil to correspond to requirements put
upon it. Section 3 will then present some concepts of styles
and patterns, see some similarities and trade-offs between
those. It is not the intention in this section or anywhere else
in the paper to give exhaustive presentations of different
styles and patterns. Other materials provide this as e.g. [2],
[5], [6] or [9]. In section 4. there is a discussion on
categorizations of styles and patterns. Section 5. discusses
heterogeneous architectures and section 6. discusses
refinements of styles. Section 7. discusses possibilities to
determine the quality attributes of styles and patterns, and
finally in section 8. there is a short summary of the paper.

- Performance, which relates to responsiveness of a
system.
- Security, concerning a systems ability to resist
unauthorized usage.
- Availability, corresponding to the proportion of time a
system is up and running.
- Functionality, i.e. a system’s ability to work as it was
intended to.
- Usability, which regards how easy a system perceived
by its users, with respect to aspects as e.g. learnability,
efficiency and memorability.
Quality attributes not observable via execution address
questions as, how easy a system is integrated, how easy it is
to test and modify. In [2] the following attributes within this
category are covered:

2. Quality Attributes
A primary goal, when creating a system, must always be
to make it fulfil the requirements put upon it. First of all a
system must of course fulfil some functional requirements
as e.g. deliver the correct results. But as an effect of that
system size and complexity increases, there are also
increasing needs for e.g. reusability and changeability. It is
desirable to identify such properties, and others, as
corresponding to specific styles and patterns. If this can be
done, an architecture might be assigned suitable qualities
already in an early design phase. Further more an
architecture can be evaluated in perspective of the styles and
pattern it is based upon.

- Modifiability, this attribute is subcategorized into:
Extending or changing capabilities, Deleting unwanted
capabilities, Adapting to new operating environments
and Restructuring.
- Portability, i.e. the possibility for a system to execute
within different environments.
- Reusability, i.e. how well a system or parts of a system
can be reused in other situations.
- Integrability, i.e. how well different parts of a system
can work together.

The purpose of this section is not to provide an exhaustive
presentation of the area of quality attributes, but instead to
introduce the primary concepts. This will mainly be based
on [2] (please see this for more information).

- Testability, i.e. how easy it is to evaluate the faults of a
system.
Of all the above mentioned attributes, everyone but
‘functionality’ are said to be architectural in nature. It is
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commonalities are that, instead of regarding software
elements such as data structures, classes or higher level
components, styles and patterns put perspectives in
organizations of such elements. They describe their
interrelations in terms of structure and behavior they are
involved within.

therefore appropriate to discuss those in terms of styles and
patterns used to describe architectures.
Especially: if a programming system to support automatic
generation of architectures should be constructed, it is
desirable to have a correspondence between quality
attributes and styles and patterns. A question in this context
is, if there are structures within the styles and patterns that
can be identified as carriers of properties that implies their
quality attributes. This question will be further elaborated in
section 7.

3.2 Trade-offs
Then what about the differences? With the previously
mentioned perspective, the differences will mainly address
scale. Patterns are in [5] divided into three main categories:
Architectural patterns, Design patterns and Idioms. While
idioms concern implementation matters, specific to
programming languages, this is of no direct interest in this
paper. Architectural patterns and design patterns, are
typically concerned with two different levels. While the
architectural patterns refers to organization schemes
concerning the whole of a system, design patterns addresses
subsystems or components of a system.

The collection of quality attributes above, is by far not a
complete collection. IEEE provides standard definitions for
quality attributes. In this collection quality attributes are
related by is-a relations among other things.
Styles and patterns are associated to different quality
attributes. In an automated architecture support system, it is
of course of interest to regard the matter of quality attributes.
A wishful thing would be a possibility to give as input to
such a system a set of desirable quality attributes and get as
output a proposal based upon styles and patterns, that
support those qualities. Section 7. will discuss more on the
matters of relations between styles/patterns and quality
attributes, and some of the limitations the mentioned system
is bound to.

Furthermore, in [5] Bushman et. al. make a comparison
between styles and architectural patterns. This comparison
e.g. points out differences in level,. Styles only describe a
top most level, while patterns generally refer to different
range of scales. Patterns are built up of smaller scaled
patterns.

3. Comparisons between Styles and Patterns

A discussion on how transformations on architectures, to
fulfil different kinds of requirements are made in [4].
Transformations are here made on different levels of an
architecture, where levels are categorized in terms of styles,
architectural patters and design patterns. The matter on
which the categorization is made, is based on how much an
architecture is affected when transformations are made.
Here a style corresponds to the uppermost level of an
architecture; transformations based on styles affect the
whole architecture. Transformations on architectural
patterns on the other hand doesn’t concern the whole
architecture, but rather aspects of the architecture. While
styles are said to be predominant, architectural patterns are
not. Design patterns corresponds to smaller parts of an
architecture, and transformations made on those have a
corresponding small scale effect.

This section will look at definition and, similarities and
differences i of styles and patterns.

3.1 Similarities
Both styles and patterns have arised from software
engineering experiences as structures with well known good
properties. Both styles and patterns have, during the 1990th,
been more formalized because of the new and successful
perspective on software design they imply. The relation they
have in common, to software design, is that they address a
constraint on organizations of groups of software elements,
with respect to structure or behavior, the elements are
participants within.
In [9], D. Garlan and M. Shaw have a discussion which
shows a historical view of abstraction techniques, that have
been used to describe software systems. Among other things
they point out earlier approaches that addressed data
structures as the main tool, whereas software system
designers now identify useful system organizations.

Another thing, associated to design patterns is that they
are low-level and object-oriented ([6]). An implication of
this is that interaction primarily is done through method
invocation. This is in opposite to styles or architectural
patterns, where interaction might be any kind, such as
through events or via files.

In [3], K. Beck and R. Johnson discuss how the
architecture of a graphical editor can be described by the use
of patterns. They here mention that they in the past should
have described the architecture in terms of classes such as
“Drawing”, “Figure” or “Handle”, but that the use of
patterns have put new perspectives on such classes. So the

3.3 Some definitions
Further elaborations to see similarities and differences
between styles and patterns, will be done by regarding some
definitions. Definitions of styles primarily seem to describe
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what they consist of, physically and logically, while
definitions of patterns seem to be more centered around
problems and solutions.

knowledge resource, to be shared by everybody with interest
in software design. Especially they serve as a guide to
describe architecture. Describing architecture are mainly
done on a design phase or a documentation phase, of a
system. Primarily goals regard matters as structure and
quality requirements, or more precisely:

E.g. [1] have the following definition of styles: “An
architectural style is a description of component types and a
pattern of their runtime control and/or data transfer”. The
authors also describe styles as determined by a set of
component types, a topological layout of the components
explains their interrelations at runtime, a set of semantic
constraints associated to the components, and a set of
connectors that regard communication, coordination, or
cooperation among components.

- To describe the central structures and behaviors of an
architecture
- To create an architecture that fulfils the requirements
that are put upon it, or to see how well an architecture
corresponds to those requirements.
To simplify design decisions based on such collections,
they need to be complemented by categories put upon them.
This not only speeds up the search for a suitable style, but
also makes it easier to see the similarities and differences
between related choices.

E.g. [5] have the following definition of a pattern: “A
pattern for software architecture describes a particular
recurring design problem that arises in specific design
contexts, and presents a well-proven generic scheme for its
solution. The solution scheme is specified by describing its
constituent components, their responsibilities and
relationships, and the way in which they collaborate”.

This section will discuss categories made upon styles and
patterns. The discussion will mostly look at categories made
in [2], [5] and [6] with a start in pattern categories. Still
further discussions will also be stated.

The introduction of terms like components and
connectors in the definitions of styles, have the benefit of
bringing possibilities to abstract elements such as objects or
classes, and communication such as data streams or
procedure calls. It also put perspective on the parts styles
generally consist of, to see the actual differences between
styles and the reasons that give them their properties.

4.1 Pattern Categories
The catalog of design patterns, provided by Gamma et. al.
([6]), makes a division into three main groups: creational
patterns, structural patterns, and behavioral patterns. This
division concerns what a pattern does, which implies a focus
into the motivation of a pattern, i.e. its role within a context.

The problem-solution perspective, on the other hand adds
the context to which a particular pattern corresponds, which
in turn more obviously make a pattern explain why it is
chosen within an architecture. This matter is addressed in
[3], where a whole architecture is derived, with the help of
the inherent self-motivating form of patterns.

As previously mentioned, Bushman et. al. ([5]) divides
patterns with respect to scale. Architectural patterns concern
the whole of the architecture, while design patterns mainly
correspond with substructures. The authors also discuss
another classification based on problem categories. E.g.
architectural patterns are here divided into the following
categories (please see [5] for more details):

3.4 Conclusions
To conclude this subsection, no matter what concept
primarily is chosen, there are intuitive commonalities
between styles and patterns. These are based upon
constraints associated to certain organizations of
architectural components.

- From Mud to Structure. The members here are ‘Layers’,
‘Pipe and Filters’ and ‘Blackboard’, which deal with
support for decomposition of an overall problem into
subtasks.

A main aspect of interest in this paper is the matter of
scale. Styles corresponds to top level structures while design
patterns corresponds to finer granularity structures.

- Distributed Systems. Members: ‘Broker’, ‘Pipes and
Filters’ and ‘Microkernal’, which deal with systems
with several processes.

Another matter of distinction concerns the top level
concepts style and architectural patterns respectively. While
styles primarily regard the main structure of an architecture,
architectural patterns primarily regard the problems they
give solutions to. This will be further discussed in next
section.

- Interactive Systems. Members: Model-View-Controller
(MVC) and Presentation-Abstraction-Control (PAC).
These patterns relate to interaction between system and
humans.
- Adaptable Systems. Members: ‘Microkernal’ and
‘Reflection’. These patterns associate to extensions and
adaptions of applications.

4. Style and Pattern Categories

This is a categorization concerning overall structure of a

A catalogue or book of styles serves as a collecting
48

adequate and sufficient information about the styles and
patterns. Examples on this is further explanations about the
structure of a specific style or pattern, or the properties it has
with respect to quality attributes. If such information misses
the catalog will be to restrictive.

main problem within a concrete design situation. The
strength is that it give guiding support on the matter of the
overall functionality of a system. A designer of e.g. a
graphical editor is here guided to the ‘Interactive System’
problem category, by seeing that the problem of concern is
mainly concerning interactive behavior. This leads further to
‘MVC’ and ‘PAC’. As can be seen, some patterns belong to
more than one problem category. E.g. ‘Pipes and Filters’ can
be seen as on one hand, a pattern to scale up a system from
smaller parts, and on the other hand, a pattern to create a
linear distributed system, eventually both. The reason to this
is that the problem categories don’t necessarily associate to
a structure of the kind ‘Pipes and Filters’ have.

[5] mentions the importance of classification of patterns
with respect to several categories, to improve search for
suitable design proposals. Still they also mention that the
system should not provide to complex, multidimensional
search possibilities. They have chosen a two-dimensional
system.
On the other hand there is always an interest in having
computerized automated systems. Such systems have the
property of hiding information from the user, which is not of
immediate interest. It is of course possible to collect
different kinds of data in databases, and provide search
facilities to reach desirable information.

4.2 Style Categories
A more abstracted form of catalog is provided in [2],
where organization of styles are based on is-a relations. This
catalog abstracts away information concerning design
situations, and concentrates more on the pure structures or
behavior of the styles. The catalog have the following
outlook (please see [2] for more information):

A software system must e.g. always have, as one of its
primary goals, a correspondence to a set of requirements.
Therefore also quality attributes might be able to be chosen
as a primary categorization concept. Still it might be
unrealistic to create an architecture primarily after the values
of the quality attributes of styles, and not its overall
structure. However such automated systems might still serve
as a laboratory where different aspects could be studied.

- Independent Components, which is a super-style, with
sub-styles ‘Communicating Processes’ and ‘Event
Systems’, where the latter in turn is a super-style of
‘Implicit Invocation’ and ‘Explicit Invocation’.
- Data Flow, with sub-styles ‘Batch Sequential’ and
‘Pipes and Filters’

5. Heterogeneous architectures

- Data-Centered, with sub-styles ‘Repository’ and
‘Blackboard’.

One style or pattern is often not sufficient to describe an
architecture. The abstraction level of an architectural
description decides how many aspects should be covered. As
mentioned in [5], to cover many different design aspects, a
rich set of patterns is needed.

- Virtual Machine, with sub-styles ‘Interpreter’ and
‘Rule-based System’.
- Call and Return, with sub-styles ‘Main Program and
Subroutines’, ‘Object Oriented’ and ‘Layered’.

As previously mentioned in [4] Bosch and Molin discuss
transformations between styles and patterns to fulfil certain
requirements. This addresses, on one hand, that depending
on granularity different patterns are regarded, and on the
other hand that, apart from the demand to fulfil
requirements, different styles or patterns can be mutually
chosen as a primary design choice.

A main strength in such categorizations is that it supports
design decisions mainly based on structure. If e.g. a processbased system is to be created, this variant actually might give
more through ‘Independent Components’, than through
‘Distributed Systems’ in [5], as discussed in previous
subsection.

This section will discuss the matter of heterogeneous
architectures. The first subsection will discuss some views
on heterogeneity. There after some examples will be shown.
Finally there will be some further discussions.

Other benefits are more support to comparisons between
different choices of styles, and that the clean form makes it
easier to associate to quality attributes corresponding to pure
structure or behavior. However design choices based on
functionality (e.g. an interactive system) are hardly
supported, because of the abstracted form.

5.1 Concepts of heterogeneous styles
In [9] the matter of heterogeneous architectures is
discussed. Here Garlan and Shaw describes three main ways
to combine architectural styles. The first one is based upon
hierarchical decomposition. One component (or even a
connector) can have a composition based on a specific style.
The second is based upon that a single component can be

4.3 Further discussions
The discussion made here does further more put light on
differences between styles and patterns, as discussed in
section 3. But no matter what the primary concepts of
categorization is, it is of course necessary to provide
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associate the HotDraw to the Model-View-Controller
(MVC) patterns (also see [5]). A ‘Drawing’ object is used to
hold the drawing and is associated with the ‘Model’ part of
MVC, to display the drawings a ‘DrawingView’ object is
associated with the ‘View’ part, and deal with user
interaction a ‘DrawingController’ object is associated with
the ‘Controller’. As a further example, since there can be any
number of drawings and since they can be hierarchically
composed, a ‘Composite’ pattern is used (also see [6]). This
corresponds to the hierarchical heterogeneity, where the
sub-architecture of a single component (the Drawing object)
is regarded. Another example on this is the ‘State’ pattern
(see also), which applied to ‘DrawingController’ shows that
input is interpreted with respect to what tool in a palette is
chosen. Beck and Johnson supplies many more examples on
hierarchical heterogeneity.

associated to several types of connectors. Finally the third
way is based upon one level of architecture, that is best
described be completely different styles.
The concept of heterogeneous styles is also discussed in
[2], where Bass et. al. divides heterogeneity into three types:
1. Locationally heterogeneous, revealed by runtime
structure.
2. Hierarchically heterogeneous, regarding hierarchical
decomposition of components.
3. Simultaneous heterogeneous, considering that any of
several styles can be used to describe an architecture.
Point number 1 above, is in [2] exemplified by, that some
branches of a “main-program-and-subroutine”-system can
have a “shared data repository”. Styles could of course be
mainly corresponding to some runtime behavior, but
disregarding from this fact a comparison to the cases
outlined by Garlan and Shaw in [9], this corresponds mostly
with the last case, where an architecture is a mixture out of
several styles.

There might, however, be other examples where the
hierarchy of an architecture is not so obvious, that it
corresponds to unambiguous hierarchical style- or patternconstructions. E. g. an ‘Observer’ pattern (also see [6])
might well be recognized in more than one top-level pattern.
The reason to this is that the actual system components, such
as e.g. a ‘Figure’ object might be a participant in more than
one top-level pattern, and they might also be participants in
one and the same lower-level pattern.

Point 2 is mostly the same as the first case by Garlan and
Shaw. The only difference is that Garlan and Shaw also
regard style connectors as possibly decomposed. In the
description of Aesop ([7]) Garlan et. al. also addresses the
possibilities to generate hierarchical compositions of
architectures.

5.3 Example: Building the Aesop system
Hierarchical heterogeneity is especially important when
system are to be built out of subsystems, which implies
architectures built out of sub-architectures. And as systems
get bigger and more complex, the opportunity to build
bigger parts out of smaller gets more and more important.

Point 3 says that several choices would due to describe an
architecture. In [11] Moriconi and Qian describe how to
prove correctness in composing an architecture from its
parts. In one example, to illustrate their research, they show
that two different architectures describe a compiler. The
architectures differ in level of abstraction. This is an
example where the choice of style is not unambiguous, here
level of abstraction decides, but in other cases even this is
not enough.

A good example on this is the Aesop-system [8] which
was built up on several existing software. Everyone of those
components were well known, and well working on its own.
As discussed in [7], the work of composing the components
were a lot more difficult than believed from the start.

5.2 Example: Deriving the HotDraw system
A situation where the matter of several patterns within an
architecture is central is the one discussed in [3] by Beck and
Johnson (again). Here patterns are used to describe a whole
architecture, from the top level to a suitable bottom level.
The generative property of patterns are here used to derive
the structure of the HotDraw system. The meaning of this is
that, since a pattern not only describes what it is, but also
why it is used, this makes the derivation of an architecture in
a top to down manner, act as derivation of mathematical
formulas into its sub formulas. Further more, since each
pattern inherently describes why it is used, the whole
architecture has an inherent description of why it look like it
does.

The existing software components were supposed to
provide contributions such as an object-oriented database, a
toolkit for constructing graphical user interfaces, an eventbased tool integration mechanism and a RPC mechanism.
The problems that arised were mostly based on assumptions
about how the components were supposed to be used within
their environments. These assumptions were in conflict with
each other, and in conflict with the specific environment
defined by the Aesop system. Examples concern matters like
the infrastructure, the control model, the data model and
protocols. As an example on the control model, one of the
problems was the assumption made by the components
about what part of the system that should hold the main
thread of control (please see [7] for more information).

Beck and Johnson start the description at a top level by

Garlan et. al. also discuss ways to handle the problems.
50

be constructed, it is necessary to deal with the great number
of possible variations of a system. This section will discuss
refinements of styles as a way to cover more details. In the
first subsection, the basics of classifications are discussed
and in the second section, refinements are discussed. The
discussion will be held in perspective of styles, and not
patterns.

They mention among other things that architectural
assumptions should be made explicit. This means that
documentation should cover such things as assumptions
about the main thread of control.
However, if styles should be used to carry such
information, it also means that expressions for such support
have to be developed. The alternative is to accept that there
are restrictions on the amount of information supported by
styles. This means that there have to be complementary
information besides styles, and that a style based description
without such support might be misleading.

6.1 Basics of Classifications
The basic elements of architectures are components that
perform that perform some function at runtime, and
connectors, that mediate communication, coordination, or
cooperation among components ([2]). Components and
connectors are however not enough to determine a single
style.

5.4 Further discussions
This subsection will try to point out some conclusions
from this section. As mentioned in [2], “a style is not an
architecture more than the term ‘Gothic’ determines exactly
what a building looks like”. However architectural styles
might relate to a software architecture in a more concrete
way than e.g. ‘Gothic’ refers to the architecture of a
building. This is because architectural styles, when used,
address participating components directly.

In [13], Shaw and Clements introduce the following
categories to make distinctions between styles:
- Which kinds of components and connectors are used in
the style
- How control is shared, allocated, and transferred among
the components

However, when regarding the role of styles and patterns in
software architecture it’s important to see that a description
of an architecture, primarily based on styles and/or patterns,
might not be equivalent to the architecture. Such
descriptions are rather an aspect on the architecture. A style/
pattern description might not be sufficient and sometimes
even misleading. E.g. the components of a system,
represented by an architecture, can not be equivalent to style
components, or pattern classes/objects. This is because
some system components might be acting in e.g. several
behavioral patterns, i.e. they have several roles distributed
over a system. This means that a one to one relationship
between a system component and a style component,
generally can not hold.

- How data is communicated through the system
- How data and control interact
- What type of reasoning is compatible with the style
Components and Connectors
These are the matters of the basic elements of
architectures, and are already discussed.
Control
This is a matter of how control is shared and its form, and
it is divided into the following points:
- Topology, which concerns the form of control. E.g. if it
is linear or hierarchical.

A programming system, to elaborate architectures and
producing a system out of it, needs to consider the number
of variations of heterogeneity. Such a system might also
need a two dimensional view, consisting of, on one hand the
system components (or at least a suitable abstraction of
those), and on the other hand styles and patterns. The two
dimensions are associated to each other by connections
between the system components and instances of the
different types of styles and or patterns.

- Synchronicity, which concerns how components
depend on each other’s state. E.g. if they are
synchronous or asynchronous.
- Binding time, i.e. when a component in a transfer of
control is known. E.g. if is known at compile time or not
until runtime.
Data
The matter of data regards how data is used and shared
among the components. It is divided into the following
points:

6. Refinements of Styles
When a software designer is supposed to choose among
styles, the choice is primarily based upon some well known
structure. However, the structures of systems often contain a
lot more information than what is covered by styles, as
discussed so far in this paper.

- Topology, i.e. the shape of data flow, which corresponds
to topology for control. I.e. if it e.g. is linear or
hierarchical.
- Continuity, which associates to how continuous data
flow.

Especially, when architecture supporting systems are to
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be grouped in a is-a relation, with ‘Communicating
Processes’ as their common super style. By introducing
tables to contain such information, an architect is further
guided structuring principles in a software design situation.

- Mode, which regards how data is made available. E.g. if
it is passed between components, or if shared through a
common place.
- Binding time, which corresponds to the same point for
the control matter.

6.3 Further discussions

Interactions of Data and Control

This section has shown that further studies of properties
of systems, lead to further discriminations between styles.
This, in turn, give software designers further guidance in
creating architectures.

- Shape, which concerns if data and control have the same
shape.
- Directionality, which concerns if data and control have
the same direction, when the shape is the same.

A question is if this further information will be sufficient
to solve the problems of architectural mismatch described in
[7]. The main problem, as described by Garlan et. al. was the
composition of different independent system components.
These components made assumptions about their role was in
conflict with the specific composition.

Type of Reasoning
This point regards the type of analysis associated to the
type of architecture. E.g. an asynchronous system and a
sequential system imply different reasoning approaches.

6.2 Discussions on Refinements of Styles

The classification made by Shaw and Clements
concentrates more upon specific styles, and less upon styles,
with respect to heterogeneous architectures. This points out
that further studies made in the context of system
components, with respect to their environment, have to be
provided.

Based on the classifications made in previous subsection
Shaw and Clements ([13]) provide richer forms of
descriptions of distinctions between different styles. This
also implies a richer set of directions to choose in an
architecture design situation, supported by more concrete
detailed information.

To conclude this section, classifications of the kind
discussed here are necessary, not only to provide greater sets
of is-a related styles. An architecture supporting system can
also provide a laboratory consisting of components and
connectors with different properties. Based on such
elements experiments could be done to create arbitrary
architectural structures.

As discussed in subsection 4.2, styles are in [2]
categorized in relations of the is-a kind. Bass et. al. also
includes the work of Shaw and Clements, to describe
differences between styles in terms of those classifications.
Especially is-a related styles are discriminated in this way.
This means that such groups can be further developed and
extended through the richer possibilities of variations.

7. Determining Qualities of Styles and Patterns

As an example, in [1] G. R. Andrews examines eight
patterns for interacting processes. Each pattern is associated
with programming techniques, to be used to solve
distributed programming problems. Following patterns are
regarded:

As previously mentioned, a primary goal of a design of an
architecture, must always be to make the architecture fulfil
the requirements put upon it. Styles and patterns seem to be
more and more involved in design decisions. Therefore it is
desirable to have knowledge about the quality attributes
corresponding to specific styles and patterns.

- One-way data flow through networks of filters.

In e.g. [5], every architectural pattern have a discussion in
terms of the benefits and liabilities associated to it. As
another example, in [9] Garlan and Shaw present a number
of common architectural styles where also advantages and
disadvantages are included. Further more Garlan and Shaw
provide some case studies, where they show that different
choices of styles imply different properties of the
architecture.

- Requests and replies between clients and servers.
- Back-and-forth
processes.

interaction

between

neighboring

- Probes and echoes in graphs.
- Broadcasts between processes in complete graphs.
- Token passing along edges in a graph.
- Coordination between decentralized server processes.

This section will not present associations between styles/
patterns and quality attributes. Instead a discussion will be
provided regarding possibilities to associate quality
attributes to basic structures of styles.

- Replicated workers sharing a bag of tasks.
In [13], Shaw and Clements associate each of the patterns
provided by Andrews, with information based on their
classification. Through this they show that each pattern can

The first subsection will present so called unit operations,
and see how those correspond to quality attributes. The
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second subsection will provide further discussions.

7.2 Further Discussions

7.1 Unit Operations

It is of course desirable to have simple relations between
parameters of different aspects. As an example, again, an
architecture support system would serve as a laboratory,
where it should be made possible to experiment on
architectures with respect to several aspects.

Bass et. al. address in [2] an important and interesting
question. “Are there atomic operations of architecture, and if
so, what are their effects on quality attributes?” If it is
possible to regard basic structures, and knowing about the
effects this will imply on quality attributes, then arbitrary
styles could be created to fulfil the requirements of a specific
architecture.

Let’s say that an architecture was supposed to be created
to support a specific software product, with certain known
requirements. The architecture support system should then
be manipulated by feeding it with suitable quality attributes.
As output the system should then produce a style to further
build the architecture on.

To at least discuss such questions Bass et. al. put a
perspective in so called unit operations. These are operations
often used in software architectures to achieve certain
qualities. The following operations are covered:

However, the result of the discussions of the previous
subsection says that there generally are no simple relations
between unit operations and quality attributes. Since
components of styles and patterns also depend on the
structures that results from the unit operations, it is also hard
to tell anything generally about the relations between styles
and quality attributes. At least as long as only pure structure
is regarded. I.e. there are no simple mappings between
quality attributes and the structure of styles/patterns.

- Separation, which concerns separation of functionality
into different components. Examples on this are partwhole decomposition, and is-a or specialization
composition. Another example is replication, which is
used to duplicate components within an architecture, to
increase reliability of a system.
- Abstraction, which concerns introduction of virtual
machines, i.e. a component that hides its underlying
representation.

Of course there are some specific effects that comes out
of some styles. However, a result of the use of certain styles,
generally have to be seen with respect to the semantic
context in which they are used. This implies that the parts of
this area also have to be discriminated. However, it is hard to
see how could be done.

- Compression, the opposite of separation, i.e. to remove
layers and interfaces.
- Resource sharing, i.e. encapsulations of data or services
to let them be shared among several independent
components.

8. Summary

The point of importance is now to see how the unit
operations are related to quality attributes. Bass et. al. show
that in some cases a specific unit operation generally helps
up a specific quality attribute, and in some cases there is an
opposite effect. Further more they show that there are cases
where it is necessary to put the structure in a context to be
able to tell anything about it.

This paper have discussed the role of styles and patterns
in software architecture. The paper has mostly been a survey
in the area, through existing materials. But issues have also
been regarded through a fictive architecture support system.
The reason to this has been to introduce a perspective,
through which some possibilities and limitations in the use
of styles and patterns can be viewed.

This paper will not provide the complete result. Please see
[2] for this information. Instead a exemple will be provided.
Iit is shown that abstraction generally has positive effect on
the quality attribute ‘Portability’, while compression has
negative effect. Part-whole decomposition on the other hand,
depends on how it is used. If platform dependencies are
isolated into single parts it has positive effect, otherwise it
doesn’t.

Styles and patterns can loosely be seen as ways to group
components, where the components are related to each other
through structure. Software engineers have tent to reuse such
structures over and over again because of the benefits that
come out of their properties.
Previously more or less informal terminologies have been
used to describe the chosen design. Examples on this are
“Client and Server”, or “Pipes and Filter”. However, during
the 1990th however, such concepts have been more
formalized through the areas of styles and patterns. This has
had several benefits, as e.g.:

As Bass et. al. further discuss, the relation between unit
operation and quality attributes is very complex. To
generally discuss the unit operations in terms of quality
attributes can only be done in some specific cases. Mostly a
context in terms of other design decisions, cost, time and so
on have to be regarded.

- common terminologies, which implies increase of
understandability in interactions between software
engineers
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9. References

- well-known concepts, the meaning of styles and
patterns are made more or less clear, with respect to
issues as e.g. structure and quality attributes

[1]

- guide to software engineers, software engineers are
guided towards recommended solutions

[2]
[3]

An architecture can be seen as a top level structure of a
system. While systems continuously grow in size and
complexity, it becomes more and more important to chose
suitable architectures. Styles and patterns provide aspects on
architectures that can be used to put light on issues like
structure and quality attributes. Through the properties of
styles and patterns a software architect can make suitable
choices to fulfil the requirements of the architecture.

[4]

[5]

[6]

Refinements of styles provide rich sets of styles to chose
to make choices based on structure. The discriminations of
styles are based upon classifications that regard issues like
e.g. control and data. This includes matters like how e.g.
components are synchronized to each other, or how data
flows between components.

[7]

[8]

Especially interesting is it to see the quality attributes that
are associated to specific styles and patterns. Catalogs,
books and papers that discuss styles and patterns usually
include this matter, in one way or another.This is however
normally done within a semantic context in which the styles
and patterns are used. It is very hard to see a correlation
between a pure syntactic structure and quality attributes.

[9]

[10]

A style or pattern often has to be considered with respect
to a context. As an example, an architecture is often
heterogeneous, i.e. it can be described by several styles and
patterns. This is an example when an architecture is to be
composed out of sub-architectures, which more and more
has turned out to be an important aspect. To be useful in such
situations, styles have to interact with such matters.

[11]

[12]
[13]

It is however unclear how much styles can be used to
neutralize architectural mismatches. It depends on how
much should be described in an architecture. I.e. it depends
on the definition of the concept of architecture. Styles and
patterns are good tools to design and analyze architectures,
but might not be sufficient to describe the whole
architecture.
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Software Architecture Design Methods
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University of Karlskrona Ronneby
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Abstract

Modelling Language (UML) that serves as a de facto
standard for describing object models. They different
object-oriented methods describe the process to use and the
type of results to use. In all cases the methods have an
iterative mode of operation and by following the process
there are no guarantee that you will reach the desired
results. The reason for this is that the criteria for halting the
iterative process is left to the user of the method. This is
from both a method perspective and a design perspective
insufficient, since the stopping criteria is whether or not the
requirement on the design result is achieved.

In this paper the current state of art in software
architecture design methods are presented. First we give a
short introduction to the topic of design methods and
explain why the traditional object oriented methods is not
sufficient to use for software architecture design. Then we
briefly describe a set of proposed methods and techniques
for software architecture design. The methods are; the 4+1
View Model by Kruchten, Recursive Design of an
Application Independent Architecture by Shlaer & Mellor,
Architecture Trade-off Analysis by Kazman et al., and the
Scenario-based Software Architecture Design Method by
Bosch & Molin. These methods have been validated and
evaluated to a limited extent and we proceed with a
discussion about their strengths and short-comings. We
conclude the paper by proposing future work we consider
essential for the development of the software architecture as
research domain and software engineering practise.

Software Architecture is the highest abstraction level [1]
on which we actually construct and design software
systems. The software architecture sets the boundaries for
the quality levels resulting systems can achieve.
Consequently software architecture represents the best
opportunity to deal with software quality requirements, e.g.
reusability, performance, safety, and reliability. Considering
what software architecture design is, we find that an
important thing is the balancing of requirements and then,
especially the software quality requirements.

1. Introduction
Software system design is the activities needed to specify
a solution to one or more problems, such that a balance in
fulfilment of the requirements posed on the solution is
achieved. A Software Architecture Design Method implies
the definition of two things. First a process or procedure for
going about the included tasks. And, second a description of
the results or type of results to be reached when employing
the method. From the software architecture point-of-view
this is the operations of specifying the architecture
abstractions, the components and their interfaces,
relationships between components and making design
decision when alternative designs is imminent and
document them as a result that can be used to in detail
design and implement an application.

The design method must in its process have an operation
for determining if the design result, in this case the software
architecture, has fulfilled the requirements put on the
results, or the method needs to be iterated. Unless such an
operation exists in the method we cannot consider it
complete.
The enabling technology for the, so called, design phase
is not technological nor physical, but it is the human
creative capability. It is the task of the human mind to find
the suitable abstractions, define relations etc. to make the
solution fulfil its requirement. Even though parts of these
activities can be supported by detailed methods every
design method will depend on the creative skill of the
designer, i.e. the skill of the individual humans mind.
Differences in methods will present themselves as more or
less efficient handling of the input and the output, or more
or less suitable description metaphors for the specification
of the input and output. This does not prohibit design
methods from distinguishing themselves as better or worse

The traditional object-oriented design methods, e.g.
(OMT [16],BOOCH [3],OBJECTORY [7]) has been
successful in their adoption into companies worldwide, the
past few years three of them have jointly produced a Unified
..............
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The object oriented style is recommended for the logical
view. The notation used in the logical view is the Booch
notation. However, the numerous adornments are not very
useful at this level of design.

for some aspects. It is important to remember that the results
from a methods is very dependent on the skill of the persons
involved and can never make up for lack of experience.
In the next sections we will present the currently available
software architecture development methods. In Section 5.
we will compare the methods and discuss strengths and
weaknesses. We conclude this paper with a discussion about
future work and research directions in Section 6.

Crop

FoodItem
1
A

23

1

2. 4+1 View model

Vitamin
Content

(FIGUR med NOTATION)

The 4+1 View Model presented in was developed to rid
the problem of software architecture representation. Five
concurrent views are used, each view address a specific set
of concerns of interest to the different stake-holders (Figure
1). On each view the Perry/Wolf definition[13]

1
GrainCrop
Caloric
Equivalent

Software Architecture = {Elements, Form, Rationale}
GrainYield
Predictor

is applied independently. Each view is described using its
own representation, in a so called blueprint The design
method is scenario-driven.

Figure 2. Notation example in Logical View

Process view
Physical View

Takes account some quality requirements, e.g.
performance, system availability, concurrency, distribution
system integrity and fault-tolerance. Also specifies the
course of execution, i.e. on what thread of control is a certain
function executed on and in what order. The process view is
described at several levels of abstractions, each addressing
an individual concern.

Process View

Scenarios

Development View

Logical view

In process view the concept of a process is defined as a
group of tasks that form an executable unit. Processes
represent the tactical level of architecture control. Processes
can be replicated to deal with performance and availability
requirements, etc.

Figure 1. Each view address specific concerns

Logical View

Define the process view by partitioning the software into
a set of independent tasks. Separate threads of control and
elicit the elements.

Supports the functional requirements put on the system.
and the services the system should provide to its end users.
The logical view is made up by a set of key abstractions,
taken mainly from the problem domain. expressed as objects
and object classes

Two groups of tasks; major and minor. Major tasks
architectural elements, individually and uniquely
addressable. Minor tasks, locally introduced for
implementation reasons. (time-outs, buffering, etc.)

If an objects internal behaviour must be defined, we use
state-transition diagrams or state charts. However, this is
recommended to be avoided if possible.

For the process view use an expanded version of the
Booch process view. Several styles are useful in the process
view are pipes & filters [5,17], client/server [17].

Physical View
Takes into account the systems software quality
requirements, e.g. availability, reliability (fault-tolerance),
performance(throughput) and scalability.
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Scenarios are described using a notation similar to logical
view, with the modification of using connectors from
process view to show interactions and dependencies
between elements.

The elements of the physical view are easily identified in
the logical, process and development views. Networks,
processes, tasks and objects must be mapped onto various
physical nodes.

Process
Development View

1

Select a few scenarios based on risk and criticality

The development view takes into account internal, or,
intrinsic properties/requirements like reusability, ease of
development, testability, commonality. This view is the
organization of the actual software modules in the software
development environment. It is made up of program libraries
or subsystems. The subsystems are organized in a hierarchy
of layers. It is recommended to define 4-6 layers of
subsystems in development view. A subsystem may only
depend on sub.sys in the same or lower layers. to minimize
dependencies.

2

Create a strawman architecture

3

Script the scenarios

4

Decompose them into sequences of pairs
(object operation pairs, message trace diagram)

5

Organize the elements into the four views

6

Implement the architecture

7

Test it

8

Measure it/evaluate it

9

Capture lessons learned and iterate by reassessing the
risk and extending/revising the scenarios

The development view supports allocation of
requirements and work division among teams, cost
evaluation, planning, progress monitoring, reasoning about
reuse, portability and security.

10 Try to script the new scenarios in the preliminary
architecture, and discover additional arch. element or
changes.

The notation used is taken from Booch, i.e. modules/
subsystems graphs. The architecture is represented by
module and subsystems diagrams that show import and
export relations.

Operations

The development view is completely describable only
after all the other view have been completed, i.e. all the
software elements have been identified. However, rules for
governing the development view can be stated early.

The operations are not specified in more detail by the
author. But some comments are given.
• Synthesize the scenarios by abstracting several user
requirements.
• After two or three iterations the architecture should
become stable.
• Test the architecture by measurement under load.
• The architecture evolves into the final version, and
even though it can be used as an prototype before this
it is not a throw away prototype.

Scenarios
The fifth view is the scenarios. The scenarios represent a
redundant view. Scenarios serve as abstractions of the most
important requirements on the system. Scenarios plays two
critical roles; design driver, and validation/illustration. The
scenarios is used to find key abstractions and conceptual
entities for the different views. And they are used for
validating the architecture and how well it supports the
predicted usage.

The results from the architectural design is captured in
two documents; software architecture as the 4+1 views, and
a software design guideline. (compare to rationale in the
Perry and Wolf definition [13] )

The scenario view should be made up of a small subset of
important scenarios. The scenarios should be selected based
on critically and risk.

Tools
The method is developed by people at Rational and the
method is supported to a large extent by the Rational Rose
tool and the Rational APEX design environment tool.

Each scenario get a corresponding script, i.e. sequence of
interactions between objects and between processes.[15]
Scripts are used for the validation of the other views and
failure to define a script for a scenario discloses a
insufficient architecture.

3. Recursive Design
The authors of the recursive design method [18] wants to
change the view of software development from five general
assumptions;
• Analysis treats only the application
• Analysis must be represented in terms of the
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conceptual entities in the design.
Because SA provided as view of the entire system,
many details must be omitted.
Patterns are small units with few objects and well
defined interactions.
Patterns are advisory in nature

The code generation rely heavily on that the architecture
is specified using patterns and therefore use of patterns are
absolutely required.

into another alternate view:
• Analysis can be performed on any domain
• OOA method does not imply anything about the
fundamental design of the system
• Architecture domain, like any domain, can be
modelled in complete detail by OOA
• OOA models of SA provides a comprehensive set of
large-scale interlocking patterns
• Use of patterns are required

The process for recursive design defines a linear series of
seven operations, each described in more detail in following
sections. The operations are:

•
•
•

Process

Domain analysis
Fundamental for the recursive design method is their view
of a domain. The define a domain as a separate real or
hypothetical world inhabited by a distinct set of conceptual
entities that behave according to rules and policies
characteristic of the domain.

1

characterise the system

2

define conceptual entities

3

define theory of operation

4

collect instance data

5

populate the architecture

6

build archetypes

7

generate code

Operations
Start with elicitating the characteristics that should shape
the architecture. Attached to the method is a questionnaire
with heuristics proven questions that will serve as a help in
the characterisation. The questionnaire brings up
fundamental design considerations regarding size, memory
usage etc. The information source is the application and
other domains, but the information is described in the
semantics of the system. The results from this operation is
the system characterisation report, often containing
numerous of tables and drawings according to Shlaer/
Mellor. However, the way experts decide what is significant
information for the development are not very well
understood. Alexander describes it as a mutual acceptability
between context and form.

Analysis consists of work products that identify the
conceptual entities of a single domain and explain, in detail,
the relationships and interactions between these entities.
Hence, domain analysis is the precise and detailed
documentation of a domain. For this the OOA method must
be a complete detail method, i.e. the method must specify
the conceptual entities of the methods and the relationships
between these entities. The elements must have fully defined
semantics and the dynamic aspect of the formalism must be
well defined (the virtual machine that describes the
operation must be defined).

Architecture

The conceptual entities should be described precisely.
Also, the relationships that must hold between them have to
be precisely specified. The architect select the conceptual
entities based on the system characterisation and their own
expertise and experience. The Shlear/Mellor object
information Model defines objects and their relations. Each
object is defined by its attributes, which in turn is an
abstraction of a characteristic.

Regarding everything as a its own domain an application
independent architecture is a separate domain with the
possibilities it brings. An architecture deals in complete
detail with; organisation of data, control strategies,
structural units, and time. The architecture does not specify
the allocation to be used. Gives the property of application
independence.

Patterns

Precisely specify the theory of operation. The method
authors have found that a informal, but comprehensive
document works well to define the theory of operation. This
is later rendered using the a set of state models as prescribed
as the OOA method.

The recursive design method includes the automatic
generation of the source code of the system. To do this a
design pattern play central role. And the author claims that
design patterns can be rendered as archetypes. Doing so is
conceptually equivalent to defining macros for each element
of the patterns.
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In the application domain a set of entities is considered
always present or pre-existing. This are collected in the
operation of collecting instance data for populating the
instance database. Typically only a few items are needed for
architecture, e.g. processor names, port numbers etc.

done in a dedicated operation in the iterative development
process and the methods present for schemes for performing
the evaluation; scenario-based evaluation, simulation,
mathematical modelling (includes metrics) and experiencebased reasoning (heuristics).

In the next operation we populate the architecture using a
populator. The populator extracts elements from the
repository containing the application model and then use
this to create additional instances in the architecture instance
database. The architecture instance database contains all the
information about the system to be built: information from
the application and information for this specific usage of the
architecture.

Process
The process is iterative and the operations are shown in
Figure 3.

functionality-based
functionality-based
architecture design
architecture
redesign

The building of archetypes is the part where all the
elements in the architecture has to be precisely and
completely specified. To completely define an archetype we
use text written in the target language and place holders to
represent the information from the architecture instance
database. No standard language for the definition of an
archetype language is defined yet.

requirement
specification

software
architecture

The last operation, that of generating the code, requires
the implementation of a script, called the system
construction engine. This script will generate the code from
the analysis models, archetypes and the architecture instance
database. The task of implementing the script is left to the
tool-makers.

architecture
transformations

not OK

assess
quality attributes

OK

Tools

quality attribute
optimizing
transformations

The method relies heavily on a small set of tools. For
example the architecture instance database require a tool for
operation and another mission critical tool is the script to
generate the system. However, the tools required are not
available as a third party product, but must be implemented
by the company or project intending to use it.

Figure 3. Evaluation is a dedicated operation

Operations
The software architect starts with synthesizing a
functionality-based software architecture design. This is
based on the requirement specification and the domain
documentation at hand. Essentially the functionality-based
architecture is the first naive division of the functions into
subsystems. And at this point in the process no particular
attention is given to the quality requirements. At this stage in
the process it is also recommended that the scenarios for the
quality requirements are specified.

4. Scenario-based Software Architecture
Design
The scenario-based software architecture design method
[4] exploits the benefits of using scenarios for making
software quality requirements more concrete to the
architect. This is done by taking an abstract software quality
requirement, for example reusability, and defining that in the
context of this system and its expected life-time. The
developer get a more concrete view of the quality
requirement by defining concise scenarios that describe the
reuse situations wanted or predicted for this system.

The next step is the evaluation step. Using one of the four
types of evaluation the software architect decides if the
architecture is good enough to be implemented. Most likely,
the first time several points of improvement will reveal them
selves during the evaluation and the architecture has to be
improved. In that case the next operation, architecture
transformation is done.

Also the method emphasis on explicit evaluation of the
architecture to ensure that not only the functional
requirement are fulfilled but also the quality requirements
can be achieved in the final implemented system. This is
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Transformation Techniques

Architecture transformation is the operation where the
system architect modifies the architecture using the five
transformation types to improve certain properties of the
architecture. The idea with the transformation is that from a
functional view, the architecture is before the transformation
is equivalent with the architecture after the transformation.
The only difference is the quality properties of the
architecture has changed. Now, transformations most likely
affect more then one single property and based on the
experience that some software qualities have negative effect
on others, e.g. reusability and performance, the result is a
trade-off between software qualities [2,11]. After the
transformation has been completed the architect repeats the
evaluation operation and gets a new profile of results. Based
on these either the architecture is fulfilling the requirements
or we make new transformations.

The authors have also identified five types of
transformation to use in the method. First, the architecture
can be transformed by imposing an architectural style. This
means that the fundamental organisation of the architecture
changes.
Second, the architecture can be transformed by imposing
an architectural pattern. The difference from imposing a
style is that a pattern is not changing the fundamentals of the
architecture, but impose a rule on all elements of the
architecture. For example, adding a concurrency mechanism
to all elements using Periodical objects pattern.
Thirdly, the architecture can be transformed using a
design pattern. The result is a less dramatic change of the
architecture.

Evaluation Techniques

Fourthly, the architecture can be transformed by
converting the quality requirements into functionality. For
example increasing the fault-tolerance by introducing the
exceptions.

The authors of the method have identified, four types of
evaluation to use. First, the scenario-based evaluation which
is a central part in the method. Scenario is defined that
describe concise as vignettes, the quality to evaluate, making
in concrete and meaningful in the context of the future
system. The evaluation is done by executing the scenario on
the architecture, similar to scripting in 4+1 View Model,
analysing the result. For example, in the case of evaluation
reusability, the analysis could be to count the elements in the
architecture that are possible to reuse as is for in a particular
scenario. Provided that the scenarios defined is
representative this kind of analysis show some interesting
results.

Finally, the quality requirements can be distributed. For
example, instead of putting a availability requirement on the
complete system, the availability of the server part in a client
server, could have higher requirements than needed for the
clients.

5. Strengths and weaknesses
The 4+1 View Model show has its three major strengths
in its tools support, experience with the application of the
method and its solution to the problem of to many aspects in
the same document. However, the method as presented in the
paper is to little to give real benefit to the reader interested in
using the method and to my knowledge no other literature
exists about the method.

Second, simulation is suggested as a type of evaluating
the architecture. The architecture is implemented at a very
high level, using for example Rapide[10], and then typical
execution situations are simulated and the results are
analysed. The typical situations may very well be the
scenarios used in the other type of evaluation.

In [18] the authors fails in proving its case for the
recursive design of an application independent architecture.
The method suffers from several un-charities and
limitations. For example, the system generation script seem
to be the key to the whole automatic code generation and the
developing organisation have to implement it themselves.
That is not what is in general meant by supporting automatic
code generation. Also the lack of experience in using this
method makes any architect reluctant to try the method in an
industrial case.

Thirdly, mathematical modelling is a type of evaluation.
In various computer science research domains a number of
tasks specific mathematical models exists, for determining,
for example scheduability. Also software metrics falls into
this category. The main difference that metrics are based on
statistical evidence, more than actual understanding of cause
and causality.
Finally, a import evaluation type is the experience-based
reasoning. This heuristics based evaluation technique make
use of the tacit knowledge in the development organisation.

The scenario-based software architecture design method
has its major strengths in the way evaluation is addressed. In
the previous method the evaluation of the design results is
left to the architect to deal with in what ever fashion seems
appropriate. In the 4+1 View Model the evaluation supports
is basically the scripting and what ever conclusions the
architect can make of it. At the same time as it also is the
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strong point of the scenario-based design method, it is also
it current drawback, since the method does not attach a list
of concrete techniques for the architect to choose from it is
very high on the wish list for this method. Also speaking for
scenario-based models benefits are the ease of
understanding the why the method is defined in the fashion
it is. The transformation part of the method also suffers from
the problem that no list of concrete transformation with
additional information of its application is part of the
method.

[10]

[11]

[12]

6. Future Work

[13]

In the domain of software architecture design I see a need
for two main things. First, the documentation issue needs to
be worked out. To date there are no architecture description
method that servers it purpose. A number or ADLs exist, but
none have the made it as a industry de facto standard. The
software architecture domain of software engineering need
a way to communicate the software architecture and to make
it tangible.

[14]

[15]
[16]

Second, the software architecture evaluation are a poorly
understood area. The state of practise is heavily relying on
experienced architects and mostly subjective ways of
evaluation. Even though types of evaluation have been
defined in ARCS method, a compilation of proven
techniques of each type is missing.

[17]
[18]
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Abstract

generation
Topics of interest in software architecture research
comprise, among others:

The study of software architecture has attained an
increasingly interest in the software engineering community
the recent years, both in industry and academia. One of the
most promising software reuse approaches is the use of
software architecture in a product line development context.
This paper presents a state-of-the-art overview of necessary
architectural processes, identified problems related to
software product line architecture as well as reported
lessons learned and recommendations.

Description techniques, including notation techniques
for alleviating communication between software engineers
and architectural description languages (ADLs) which may
ease source code generation or enable automatic
architecture evaluation[12][23].
Evaluation of architectures. What techniques and
methods are available for evaluating a particular software
architecture? The purpose of an evaluation can be to see
whether an architecture is bearing the capability to possess
the stated quality requirements (e.g. modifiability or
performance) of the software system [1][6][10].

1. Introduction
The study of software architecture has attained an
increasingly interest in the software engineering
community the recent years. Both researchers in academia
and practitioners in industry has becoming aware that the
notion of software architecture may be a useful mean to
achieve shorter time to market and higher software product
quality.

Architecture design. Techniques and methods that
supports the architectural design. One example is the notion
of architectural patterns [5] which propose structural
solutions that will improve one, or many, quality attributes.

The rationale (or rationales) for investigating software
architecture is:

Domain-specific software architectures (DSSAs).
How will the software architecture for a specific application
domain look like? This is one of the most interesting topics
for a software development organization developing
software products. How can one get an accurate
understanding and description of the domains so it will be
possible to develop a software architecture that captures the
domain and can be used for software product development.
One possible realization technique of a domain-specific
software architecture is the notion of object-oriented
frameworks [13][22].

The software architecture is there whether we as software
engineers make it explicit or not. If we decide to not be
aware of the architecture we have no way of 1) controlling
the architecture, 2) analyzing the architecture, 3) reasoning
about the architecture, or 4) evolving the architecture.In
addition, if the architecture is implicit, we are not able to
identify, understand, conform to or maintain the
architecture.
Potential benefits of making the architecture explicit is
that it 1) defines the components, their properties and
relationships of the architecture, 2) defines initialization,
fault recovery styles etc., 3) provides a framework for
system development and evolution, including component
design and implementation, and 4) provides a basis for asset

Software Product Line Architecture. How should a
generic software architecture be developed and described to
ease future derivation of software products? How should
commonalities and variability be captured and expressed?
If a software development organization decides to
explicitly address the concept of software architecture it
will have to introduce some architecture-specific processes
in their development process. Perry identify four major
processes [19].

This report waswritten as a part of a graduate course in Software
Architecture given at University of Karlskrona/Ronneby, Sweden,
during spring 1998. The course was headed by Dr. Jan Bosch.
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An Architecture Recovery process. The aim of this
process is to recover the architecture of a legacy system.
This to alleviate future maintenance and evolution of the
system.

To achieve optimal benefit of a software architecture an
organization should adopt product line software
development. The product line thinking metaphor is
borrowed from the manufacturing industry. To avoid
confusion about common concepts we will use the following
terminology.

A Domain Specific process.The objective is to find a
description of the problem domain the architecture will
cover, in terms of domain elements and their interaction.

A product line is a set of related systems that together
address a market segment.

A Product Line process.The aim of this process and its
subprocesses are to support the derivation of products from
a generic product line architecture as well as the
development of a product line architecture. We will in the
remainder of the paper discuss issues related to the product
line process, especially product line architecture and its
variability.

A product family is a set of related systems that are built
from a common set of core assets, the product line
architecture, sometimes referred to as the product family
architecture in the literature. We will use the term product
line architecture.
From these definitions we see that a product line is a
market- or customer-driven concept, whereas a product
family is a technology- or implementation-dependent
concept.

An Architecture Evolution process. The aim of this
process is to support dynamic changes of the architecture
such as creation/destruction of components.
The four processes are all related to each other. For
example, the product line process may use the architecture
recovery process as a mean to obtaining an initial
architecture. Then a focus on the appropriate business
domain may take place and we make use of a domainspecific process that together with the recovered architecture
will give us a domain architecture. This architecture can be
generalized to achieve the status of a product line
architecture.

It also follows that a product line need not be built as a
product family (i.e. from a common set of core assets)
although in the context of software architecture this is the
typical case. Conversely, a product family need not be a
product line (i.e. addressing a particular market niche). From
now and in the rest of the paper we assume that a product
line is a product family.
We end this section with a quote from [2] that capture the
essence of the relationship between software architecture
and product line thinking

In the reminder of this paper we will discuss technologyand process-oriented issues related to software architecture
in the context of product line development.

“A software architecture that capitalize on the
commonalties in the implementation of the line of products
can provide the structural robustness that makes the
derivation of software products from software assets
economically viable.”

The remainder of this paper is organized as follows. In
section 2 basic terminology and clarification of some
product line concepts is introduced. Economical and
organizational issues is briefly discussed in section 3. The
following section, section 4, discusses the most important
technical aspects, architectural change and variability.
Section 5 characterizes the problem of product line and
product evolution. The relation between product production
strategy and different market phases is discussed in section
6. Different description techniques for product line
architecture is briefly discussed in section 7 and in section 8
reported lessons learned and recommendations is
summarized. The paper is concluded in section 9.

3. Economical and Organizational Issues
The development of a product line is primarily a business
decision. In general it is difficult to obtain reliable
economical business models in software development.
Seminal work is Boehm’s book “Software Engineering
Economics “[4]. Literature specifically related to software
reuse economics can be found in [20] and [11]. Recently,
work related specifically to software product line
development has been presented by Poulin [21].

2. Software Architecture and Product Line
Terminology

Besides economical considerations there are some other
issues that are of importance when starting up a product line
effort. One aspect that is emphasized by Bass et al. [3] is the
need to identify which the involved stakeholders are. They
identify the following key players:

Software architecture is concerned with the principled
study of large-grained software components, including their
properties, relationships, and patterns of interaction. One
key to effective development, operation, and evolution of
software systems is the design and evaluation of appropriate
architectures [2].

Customers: Purchasers of a system. They may be end
users or may represent needs of a group of users.
Marketers: Relate product line capabilities to prospective
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customers and relate customer needs to asset and application
developers.

supplying the most recent one, as may suffice in one-at-atime development.

Core Assets group: Develops the architecture and other
assets for the product line.

Variability. To give an understanding of the variability
issue we give a brief description of two product line efforts
and their variability aspects. The first one is a product line
for real-time embedded system in the domain of portable
wireless communication and the second one is a product line
for electronic consumer products.

Application group: Delivers system to the customers.
Managers: Provide and sustain the product line vision.
Once a product line effort is decided the product line
architecture will be set under constant pressure. Major
forces that have impact on the product line architecture are:

The product line for portable wireless communication is
developed by Motorola Inc. [15]. They took an objectoriented approach to the domain analysis activity and then
implemented the product line architecture in the C
programming language. Three different variability aspects
was identified:

- User/market requirements
- Domain requirements
- Business constraints

- Feature variability: Here they used the same conceptual
idea as in object-oriented framework technology [13]. I.e the
feature variability is designed in a way so that it will be easy
to hook it on the base architecture functionality.

- Project constraints
Factors that are inhibiting a successful product line [17]
are the use of the waterfall process model and, more
important, lack of domain understanding.

- Hardware platform variability. This variability aspect
was solved with a layered architecture approach. See [5] for
a more extensive discussion of the layered approach.

4. Variability and Supporting Mechanisms
Three major technical problems to deal with in software
product line architecture are:

- Performance and attributes (e.g failure handling)
variability. Here no particular techniques was used and the
software engineers has to do experience-based trade-offs.

a) changes to the architecture,
b) identifying and handle variations of the architecture, and
c) identifying commonality between products which can be
captured in the architecture

The second product line, electronic consumer products,
discusses different sources for variations in consumer
products [26]. Three major sources identified was:

Architecture and Change. Three classes of changes may
occur for an architecture

- User interface diversity. Different kinds of user
interfaces has to be supported.

- Changes that are confined to a single component

- Differences in transmission standards (e.g different
kinds of communication protocols).

- Changes that affect several components
- Changes that affect the architectural underpinnings

- Differences between low-end and high-end. I.e both
basic and advanced version of the product has to be
supported.

A successful architecture in the context of product lines is
one in which the variation across the products falls into the
first or second class of changes.

The variation can then take, at least, three different shapes
a) each product has to deal with only one variant, b) within
one product several variants of the same functionality is
available and c) mixed form: diverse products have different
numbers and variants of the same piece of software.

To handle all variation and changes working
configuration management and version control (CM) is
necessary. In fact, configuration management and version
control are key issues in order for the product line to
succeed. CM is more complicated in a product line context,
than for single product development, for the following
reasons:

In addition, the time-scale aspect has to be considered as
a variability aspect. Four typical variants of time-scale
variability is described.

- A change must be considered not from the point of view
of a single product, but in terms of keeping the changed
component usable by all of the products that currently
employ it; and

1. Variation between fixed limits and known before
product family design, e.g. transmission standards.
2. Not all variants known before design e.g. “evolving
standards”.

- It is more likely to be necessary to maintain separate
versions of reusable components, as opposed to simply

3. Variation is only known before product construction
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design for each variant without having to consider family
variation. The designs of variant products are compared for
common and different parts. The common part is separated
as a shared overlay and the different parts are kept as variant
overlays. A complete design for a variant product is thus a
simple combination of several overlays. This way we
achieve design reuse without introducing unnecessary
complexity associated with reconciling and abstracting
differences between variants. Also the implementation is
kept efficient because there is no need to implement generic
mechanisms. For a more detailed discussion see [9].

e.g. user-interfaces.
4. Variation that may be provided after delivery e.g. user
customization.

Supporting Mechanisms
In the previous section we described different kinds of
variability that has to be incorporated or provided for in a
product line architecture. But what kind of technical
mechanisms exist that can support or alleviate the problem
of handling variability?
Mechanisms for supporting the configuration of the
product line architecture and its variants component can be
either at implementation level or design level.

5. Evolution of a Product Line Architecture
and its Products

Implementation configuration.If we have one design
for all the products in the family that does not reflect the
differences we can use source code configuration
management which operates on file level. This may be to
coarse-grained and an alternative is source file preprocessing.
The
pre-processing
alternative
will
unfortunately generate a numerous number of compiler and
option flags which in the long run will be impossible to
manage

Assume that an organization has established a product
line and its associated product line architecture and
components. When a new product is developed from the
product line it will have features that are in common with
other products from the product line but there will also be
features that are not common to the other products.
A problem that will occur sooner or later is how to
manage the evolution of the product line. I.e how should we
handle the evolution of the components. Bass et al. [3] has
identified three sources that drives the product line
evolution:

Another approach is if all variants are supported by one
universal product that may be customized to behave as a
specific variant. This requires that all possible components
must be present in the delivered product, but active
components selected. It also forces us to have fixed
relationships between components. Thus, providing family
variation through customization is overkill.

- New versions of existing components within the product
line will be released by their vendors, and future products
will need to be constructed from the new version
- New externally created components may be added to
the product line. E.g internally developed components will
be replaced by externally developed.

Design configuration. One possible approach is to use
modularization This approach is possible when the variation
is well-understood or predictable and can then be modeled
at design level. The modularization approach requires that
the abstractions are independent of each other.Variation is
localized to structural elements of the design and variants
are produced by selecting appropriate set of components.

- New features may be added to the product line to keep
it responsive to user needs or competitive pressure
Another problem is how to manage the evolution of
individual products after they have been created. Suppose
that new functionality need to be added to the product. Is this
covered by and within the product line’s scope? If this is the
case, the product can simply be built anew from the asset
base. If the functionality is not within the scope of the
product line we need to decide if we should a) spin off the
product from the product line (separate evolution in the
future) or b) update the asset base to expand its scope to
include the new functionality. Alternative b) should be
preferred if it is likely that future products will require the
new functionality.

When variation is not systematic and cannot be predicted
or, implementation must be optimized to minimize the use of
hardware resources another approach is needed. One
proposed approach is overlay designs [9]. The idea may be
illustrated with a metaphor of overhead slides that may be
stacked to create a composite image. Suppose you want to
use a number of slides that are similar in most parts and only
differ in details. One way is to create the first slide
completely and then copy and modify its contents. This is
fine as long as no changes need to be made later in the shared
part of the slides. This is rarely the case. A better approach
would be to create the shared part on one (master)
transparency and use additional overlay transparencies to
show the variations.

A third problem is what to do with already deployed
products when the product line evolve? Even if we can recall
the product and replace it with a newer one, should we do it?
Keeping the products compatible with the product line
consumes resources. But not keeping the products
compatible will make future product upgrades more time

The main idea of overlay design is to have a specific
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architecture and make use of automatic code generation. The
product engineering process is concentrated on modification
of user interfaces and integration of functionality from the
software assets.

consuming.

6. Product Line Variability and Production
Strategy
What kind of production strategy should an organization
use? The question may seem odd but depending on what
kind of variation is expected, different production strategies
may be used. The decision is not only dependent on the
variation aspect but also on market and competitive forces.
Obbink [16] has proposed a number of production strategies
that have been mapped to the different market phases for the
products by Bass et al. [2]. Depending on the market phase
different production strategies is possible. Examples of
market phases are the innovative market phase which is
related to new products or the saturation market phase where
the product features are stable.We briefly describe the five
kinds of variations identified by Bass et al. [2] and their
relationships to the different market phases. Specifically the
different types of variation, a characterization of the
associated architecture and assets, and the product
engineering process are discussed.
Innovation
Profit

Commercialization
Saturation

The Late Commercialization phase. The variation
comprise new functionality that fits within the design
constraints of the architecture and can easily be added. We
have robust and evolvable architecture and components. The
product engineering process concentrates on architecture
evolution and the development/adaptation of software assets
to incorporate new functionality:
The Early Commercialization phase. The variation
aspects is mainly concerned with incorporation of new
technology. The architecture describing the problem space is
stable and we have to develop new implementation
architectures and components. The product engineering
process is a fully developed domain engineering process
including the design and implementation of production
strategies used in the saturation and late commercialization
phases. A product line is likely.
The Innovation phase. The variation is transitions to
new domains, such as multimedia. The architecture and
assets are unstable. The product engineering process
concentrates on research and development to integrate the
new domain into existing domains. A second kind of
variation in this market phase is when we are developing
first-of-a-kind products where we have variation in domain
knowledge, functionality and technology. Here we have no
architecture or assets. The product engineering process
concentrates on maturing technology and functionality.
There is one or a few small groups doing start-up projects.

Decline

exit
entry
Time

7. Description of Product Line architecture
In the figure we see a typical product/profit life-cycle for
a product line over four market phases. At the Innovation
phase, the product is new and the market untested. The
Commercialization phase begins when there exist a number
of customers that have identified the existence and need of a
certain kind of products. During this market phase the
market is established and time-based competition is
becoming important (the entry mark in the figure). The
following phase is the Saturation phase and a number of
choices exist on the market, faster time-to-market of new
product line products will not increase the market share or
profit. We have competition on price and companies are
exiting the market (the exit mark in the figure). Finally, the
market will consists of mass-produced “unspecialized”
products and profits fall to a low (and stable) point, the
Decline phase.

A product line implies some kind of generic architecture,
a product line architecture (product family architecture),
from which individual product architectures can be derived.
But how should the product line architecture be described so
the derivation of products will be smoothly? Perry describes
five possible approaches in [19] together with their strengths
and weaknesses:
- Use a software architectural style
- Use an under-constrained architecture
- Define a variance-free architecture
- Use parametric descriptions with varying binding times
- Use a service-oriented description for selective
provisioning
Architectural style. An architectural style captures the
essential characteristics and ignoring variations and leave
them to be supplied by the actual product architecture. A
strength with this approach is that new products can be

The Saturation phase. The variation of the products is
restricted to changes in the user interface and selection of
already implemented functionality. We have a stable
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approach are; 1) the kind of parameters allowed and 2) does
the parameterization cover all kinds of variation.

added to the line with ease (when conforming to the basic
style). Serious weaknesses are; 1) a large effort is required to
refine the product line architecture to a product architecture,
2) the approach requires conformance analysis to the
product line architecture, 3) analysis of the product line
architecture will be less comprehensive, 4) project planning
will be less comprehensive, and 5) special care to the
evolution of the product line architecture’s architectural
style so we not invalidate existing product architectures is
necessary

Service-oriented description of the architecture:
Especially in the telecommunication domains there are a
need to provide various products with different features, e.g
telephone switches. One approach is to describe a product
line architecture in which the architectural services may be
provisioned as parts of the architecture and selected in an
instantiation process. The advantages with this kind of
approach are; 1) it is more easy to understand than
parameterization, 2) the architectural dependencies of such
services is made explicit, and 3) analysis and planning can
be done relative to the product line description. If evolution
will be done through adding services previous products will
not be affected.

Under-constrained architecture: The difference to the
architectural style approach is the completeness. The idea is
to capture the product line as completely as possible in such
a way that the variation are not ruled out by overly
constraining the architecture. The strengths with this
approach are; 1) it is better for analysis and planning 2) it is
easier to create product architectures but still not simple, and
conformance analysis is needed. The approach seems to be
appropriate if the primary difference is something like
performance and the functionality is the same. Weaknesses
are; 1) extending the product line is a significantly
constraining task, and 2) the products must be definable
within current constraints, if the product line architecture is
not allowed to evolve.

8. Lessons Learned and Recommendations
When establishing a software product line architecture
and associated processes a number of things may go wrong.
A good approach to avoid common mistakes is to learn from
others. Macala et al. [14] present their lessons learned and
some recommendations for organizations that are in the
position to establish a product line. Their experience come
from the establishment of a product line for real time
training systems for flight crews. We briefly describe the
lesson learned and their recommendations:

Variance-free architecture: A fully described
architecture but the variances among the products is not
considered. The product differences is an issue of design and
implementation, not architecture. Advantages with this
approach are; 1) useful when a significant range of options
with respect to a particular aspects, e.g centralized/
distributed or platform-independence, 2) analysis and
planning can be done at product line architecture level, and
3) relatively easy to derive products (need of only
implementation specific components in the design and code
phase)

Lesson Learned 1. Do not skip the requisite businesscase analysis and planning before you begin the technical
development of a software product line. The lack of a clear
strategic direction made the domain engineers unsure about
what they should consider to do in the current development
cycle.
Lesson Learned 2. Don’t compromise your skill
requirements. It was difficult to find enough people that are
able to make the transition from single system development
to product line development.

The individual product architecture is the product line
architecture (no derivation is required). Note that product
line architecture evolution implies product architecture
evolution. A disadvantage with the variance-free
architecture approach is that it is not possible to isolate all
variations in this way, e.g. differing functionality.

Lesson Learned 3. Adding staff during iterations slows
progress. If it is necessary to increase the staff do a detailed
plan of the introduction.
Lesson Learned 4. The lack of standard development
practices inhibits progress. It is necessary to have
standardized processes and procedure for all aspects of the
development.

Parametric architecture: Here the architecture
specification defines a family of possible instantiations and
for which properties of the product line can be ensured for
various instantiations. The variations required for each
possible product are well-defined and known. The
instantiation technology is well-known and derivation often
automatic. A strength with the parametric architecture
approach is that the analysis and planning can be done at
product line level. A potential problem is that the evolution
of parameters may seriously affect the use of the product line
architecture. Other limiting factors of the parametric

Lesson Learned 5. There is no adequate substitute for
experience when learning reuse software processes. The
best way is to apply reuse software processes on real-world
problems.
Lesson Learned 6. Existing procurement models do not
readily support product line development The problem is
that the customer buy a product and do not care for
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engineering a product line involves a systematic and
methodical capturing of expertise from individuals into
some kind of reusable repository. This is an obvious threat
for the individual engineer.

engineering costs associated with the product line
development.
Lesson Learned 7. Existing software organizational
structures conflict with a product line focus. Traditional
organizations are organized around products developed by
projects. The introduction of product lines makes the
projects the customers of the domain engineering process.

9. Conclusion
The study of software architecture has attained an
increasing interest. Researchers and practitioners are
investigating
description
techniques,
architecture
evaluation, architectural design, domain-specific software
architecture and other aspects.

Based on the lessons learned Macala el al. give the
following concrete recommendations when establishing a
product line effort in an organization.
Domain-evolution plan. Do a strategic business case that
describes the long-term strategic direction and evolution of
the domain.

Given the assumption that a software architecture should
be seen in the context of product line development we have
presented a state-of-the-art overview of what can be named
software product line architecture. We have briefly
described economical and organizational issues related to
software product line thinking. On the technical side a major
problem is how to capture and describe the variability of the
product line architecture. We have illustrated the problem
and described some existing mechanism which can be used
to alleviate the problem. On the process side a major
problem is the evolution of the product line architecture and
its products. This problem has only been touched on and
suitable solutions seems to be organization-specific but
further investigations seem to be necessary. Finally, some
lessons learned that have been reported is briefly
summarized and we believe that the concrete
recommendations given will be of importance for any
organization that are in the position to establish a product
line.

Domain increment plan. A project plan that details the
requirements and resources necessary to complete a domaindevelopment cycle.
Select a business strategy. This is the most difficult task.
The necessary conceptual data is typically found in the
organization’s strategic business plan.
Perform a rigorous business-case analysis.This analysis
should comprise a technical evaluation and an evaluation of
the cost and schedule of the potential product line.
Outline a strategic direction. Develop a long-term (five
year or more) schedule that identifies the products to be
supported by the domain. The domain must be ready before
an application-engineering cycle for a specific product
begins.
Select a planning method. The planning process that will
be used is critical to the successful delivery of the expected
return of investment.

To summarize, major topics of interest for further
research are mainly in the field of software processes, on the
technical side techniques and mechanisms for dealing with
the variability aspect is the main concern.

Determine which products the domain contains. Make
yourself sure which products that are included and excluded
from the product line.
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Abstract
This paper gives an overview over research in object-oriented frameworks. These frameworks are
today considered to be a very promising approach
for developing domain specific software architectures. In this paper, I try to answer the question of
what an object-oriented framework is and how to
use them. I also show their main advantages and
disadvantages, as identified by different research
teams. In addition to the framework user view, I also
take the view as a framework developer. When
seen from this view, it is more interesting to know
when a framework should be developed as an alternative to other means of reuse. In this paper I
also take this, the developers view, of frameworks,
and give a brief outline of how researchers consider
the development of a framework should be done. I
conclude this paper by giving a few successful examples of such frameworks and finish the paper by
giving my own conclusions.

1

Introduction

Object-oriented frameworks are application skeletons, which reflect the basic characteristics of a
particular application domain. When developing
applications from such a domain, it will probably
be more efficient to use such a framework rather
than to start from scratch. A framework is a kind of
‘instant program’, that sometimes even may be a
complete, ready-to-run application, but it will normally allow you to customise its look and feel to
your own taste. Object-oriented frameworks is an
attempt to capture the common characteristics
within a certain application domain, and make
them available for reuse. Only those characteristics
that are common are hardwired into the code.
Therefore, users of a framework are still free to
handicraft those parts that give their applications
the individual touch.
This paper was written as part of a graduate course in Software
Architectures, given within the ARCS research group at University College of Karlskrona/Ronneby during spring 1998.

The first more commonly used framework was the
Model-View-Controller [Burbeck 92] framework
found in the Smalltalk-80 user interface. It allowed
users to connect different visual presentations
(Views) to the state of a Model object. These Views
were automatically notified each time the state was
changed, and were able to ask the Model for the
new values of the properties they were representing.
A change in the Model object were thus immediately reflected on the screen.
Today, frameworks are considered a very promising
technology for reifying proven software designs,
targeting particular functionality’s ( e.g. user interfaces and operating systems ) and particular application domains (e.g. fire-alarm systems and realtime avionics). Frameworks like MacApp; ET++;
Interviews; ACE; Microsoft’s MFC and DCOM;
JavaSoft’s RMI, AWT and Beans; OMG’s CORBA
play an increasingly important role in contemporary software development.
Early Frameworks were normally monolithic, i.e.
object-oriented software architectures making up an
entire applications within some specific domain
[Johnson et al. 88, Deutsch 89], but later versions
are also restricting themselves to various subsystems [Cotter et al. 95]. Due to the fact that these
smaller frameworks are serving the role as design
elements, they may seem to coincide with the Design Pattern concept, as specified in [Gamma et al.
95]. There is, however, an important difference
between the two, because these smaller grained
frameworks still contain executable code, while
design patterns are merely codeless descriptions of
how to implement certain features. In addition,
patterns are more universal tool in the sense that
they are normally not tied to a particular application domain.
In this paper, I will try to answer the questions
about what exactly a framework is, how to develop
a framework, and how and when to use them. I also
conclude with a discussion about their strengths

and weaknesses. It is my conviction that they will
play an important role in future reuse of software,
but there are a few problems that still need to be
solved. I will also give some examples of frameworks, that have made their way into the market,
and proven themselves to be valuable tools for
speeding up the development of various kinds of
applications.

2

that it will serve as a foundation for generating new
applications.
A framework can thus be considered as a set of
partially specified classes, which interact with each
other. The overall framework, considered as a single first class entity, provides two interfaces to its
users: an invocation interface through which the
framework is called and an adaptation interface
consisting of all abstract classes through which the
framework can be adapted to the specifics of the
current application. When using a framework, you
have to define subclasses for all the abstract classes
in the adaptation interface, and then call the
framework through its invocation interface. Without knowing anything about the internals of the
framework, it will be difficult to define the appropriate subclasses. Such a framework is therefore
considered to be a white box framework, because
you must have a rather in-depth understanding of
the internal workings of the framework in order to
use it.

What is a framework ?

In order to answer the question, let us start with the
definition of a framework that probably is the most
referenced one:
”A framework is a set of classes that embodies an
abstract design for solutions to a family of related
problems.” [Johnson et al. 88]
This definition states that a specific framework is
applicable only to a certain family of related problems. This means that a framework is not a general
tool for all kinds of applications. The users must
therefore make sure that they know exactly what
family of related problems the framework is targeting, or they may end up applying the framework
to application domains where it simply won’t fit.
The design is also described as ‘abstract’, which
means that the framework might not be enough
complete to be executable as is. It just embodies the
general ideas behind the design, leaving it up to the
framework user to add those parts that are missing,
i.e. the parts that are less general and more specific
to the current application.

In some cases, there will be a class library with
ready-to-use classes, that can be ‘plugged’ into the
abstract classes in the adaptation interface. Different sets of such classes may be used for adapting
the framework, in order to get different variations
on the application. If the selection is rich enough,
framework users will be able to find a suitable subset of concrete classes to get approximately the application they want. In such a case, the user just
may consider the framework to be a black box
framework, and spends the effort on finding out
which subset of classes to choose, without having to
bother about the internals of the framework. Such a
black box framework is therefore extremely simple
to use. You just have to figure out which subclasses
to choose, and there will, hopefully, be a good
documentation available to aid in that process.

In [Mattson 96], an object-oriented framework is
defined in the following way:
”A (generative) architecture designed for maximum
reuse, represented as a collective set of abstract and
concrete classes; encapsulated potential behaviour
for subclassed specializations.”

Only mature frameworks will be able to supply a
rich set of concrete subclasses. In other cases, the
supplied set will just offer just a single default behaviour. In these cases, users have to define all the
required subclasses themselves, and plug them into
the framework. Therefore, a framework will normally start out as a white box framework and
evolve gradually into a black box framework as
more and more concrete subclasses are developed.
The use of a white-box framework will normally
cost considerably more effort to use than its blackbox counterpart. This has to be taken into account
when evaluating the use of frameworks.

This definition states that an object-oriented
framework consists of abstract and concrete classes
with encapsulated behaviour. The concrete classes
indicate that there are operations which are already
fully implemented and ready to use. The presence
of abstract classes, however, indicates that there
may still be some behaviour missing, and that the
framework has to be supplied with this behaviour
before being executed. The use of abstract classes
also indicates that the missing behaviour has to be
defined in the form of concrete classes, which are
connected to the framework by making them subclasses of these abstract classes. The definition also
states that a framework is generative in the sense

Earlier monolithic frameworks constituted entire
applications. Therefore, they conceptually included
the main program and handled the execution them-
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selves. They were activated immediately when the
application started, and they remained in control of
the execution thread until the application ended.
Therefore all the subclasses supplied through the
adaptation interface were invoked by the framework
itself and not by the user. This inversion of control,
the so called Hollywood Principle (Don’t call me, I
call you), has been taken as characteristic for
frameworks [e.g. Johnson 97, p. 5]. Other researchers [e.g. Sparks et al. 96] categorises frameworks
into calling frameworks and called frameworks,
thereby giving the framework concept a broader
meaning, and taking into account also the smaller
frameworks that are targeting various subsystems,
e.g. the user interface part, of an application.

3

pay off many times. When you know the workings
of the framework and how to use it, you will be able
to develop high quality applications in just a fraction of the time it would take you to get a rather
bug ridden prototype developed from scratch. But if
you know how to use a framework, it means that
you also know when not to use it. Frameworks are
normally no general purpose tools, that can be used
everywhere. There are many requirements that have
to be fulfilled by the application, and it is important
to be aware of them. Trying to adapt the framework
to bypass some of these requirements will usually
not be a good idea, even if you know the inner
workings of the framework by heart. Having different versions of a framework will induce problems
of its own, that will come clear to you as the
framework evolves over time.

When and how to you
use a framework

Frameworks will probably become an important
tool for reuse, both of design and code. Most software engineers consider the reuse of design to be
the most valuable asset, because getting the design
right will usually be the most important factor for
the success of the application. However, in order to
utilise the full power of the framework, we must use
it wisely. The following recommendations will,
hopefully, be able to give you some help:

At first sight, it seems rather easy to answer the
question of when to use a framework. If there is one
around that fits your application domain, then use
it! However, there are various problems related to
the use of frameworks, which have to be taken into
account, or you may end up spending more time on
adapting the framework than it would have taken
you to write the entire application from scratch. If
the framework really fits your application domain,
and there are no requirements pertaining to your
application which were not taken into account
when developing the framework, then it will probably be a good idea to use it. However, in order for
you to decide on that, you have to know the inner
workings of the framework fairly well, but it will
probably cost you both effort and time to acquire
such an understanding.

• Don’t force-fit your application to a framework. If your application violates some of the
assumptions made by the framework, then think
twice about using the framework. If you have to
modify the framework code, you will take on the
responsibility of evolving multiple versions of
the framework over time. Maintenance will then
be considerably more complex and costly.
• Black box framework provide more reuse
power than their white box counterparts.
They will pay off more quickly, because you
don’t have to know their internal workings in
order to use them, and the adaptation will just
consist of selecting among a set of ready to use
classes rather than writing the code for the subclasses. A black box framework is, however,
more rigid, because you have to restrict your adaptation to the ones offered by the provided subclasses. However, if you use a white box framework repeatedly, and save all your created subclasses for future use, you will due time be able
to treat your framework as a black box, and use
these saved subclasses to configure it.

As a good rule of thumb, don’t expect the first time
use of a framework to be a money saver. If you expect to use it just once, then don’t! Firstly, you
probably have to pay for it, and secondly, you have
to learn how it works. Together this will be a considerate investment which you have to earn back,
and, probably, you will not be able to do that already on your first application. In addition, the use
of a framework will also induce other problems,
related to the fact that you will depend on a piece of
software, over which you have little control. It may
evolve into new guises or even cease to exist. Even
if you stick to your original version, this will play
an important role for the support you will get if you
run into trouble.

• Framework documentation is very important.
The documentation must make clear to the users
all the requirements the framework puts on the
application, and the reasons behind all these requirements. It must also give the user a simple,

If you plan to use the framework as a foundation for
many applications to come, then it will normally
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”Learning to use an OO application framework effectively requires considerable investment of effort.
For instance , it often takes 6-12 months to become
highly productive with a GUI framework like MFC
or MacApp, depending on the experience of developers. Typically, hands-on mentoring and training
courses are required to teach application developers
how to use the framework effectively. Unless the effort required to learn the framework can be amortized over many projects, this investment may not be
cost effective. Moreover, the suitability of a framework for a particular application may not be apparent until the learning curve has flattened.” - [Fayad
et al. 97]

but useful, metaphor for the internal workings
of the framework. This metaphor will serve as a
base for the understanding of how to do the adaptation, but there should also be a description
of all the available options which are supported,
and exactly how you are supposed to use them.
In addition to this documentation, which mainly
is targeting the user of the framework, there
should also be documentation that targets the
company’s own maintenance crew. In addition
to describing the program design, this documentation should also give a rather detailed
picture of the adaptation options and the reasons
behind them. The importance of including also
the reasons behind design decisions in the
documentation, is becoming very clear to us.
We will return to the issue of framework documentation later.

”From a user’s perspective, the major difference
between a framework and a class library lies in the
knowledge required to use them. The users of a class
library need only understand the classes’ external
interfaces, but have to define themselves the overall
structure of their applications. In contrast, users of
frameworks have to understand the abstract design
of the underlying framework as well as the internal
structure of its classes, in order to adapt and extend
them. Thus, in general, it is more difficult to learn
using frameworks than class libraries. Also, frameworks carry the risk of being misused. However,
their potential for reuse greatly exceeds that of class
libraries.” - [Lajoie et al. 94]

• If you plan to use multiple frameworks in
your application, make sure that they can
work together. Experience shows that frameworks normally make assumptions about their
environments, which are not explicitly stated in
the documentation. If you just use a single
framework and write the rest of the code yourself, you will normally be able to make your
code abide also by all these hidden requirements. If, however, you use many frameworks
together, they may not be able to cooperate at
all, each violating the assumptions of some of
the other’s. This means that you may end up
adapting the frameworks to fit each other. A
good advice is to make sure you don’t end up in
such a situation, because it will normally force
you to spend considerably more money and time
on the application development then you probably want to. Make sure that you are not the
first to try a certain framework combination.

”Frameworks are a practical way to express reusable designs. They deserve the attention of both the
software engineering research community and practising software engineers. There are many open research problems associated with better ways to express and develop frameworks, but they have already
shown themselves to be valuable.” - [Johnson 97]

4

• There is currently no accepted software engineering method which fully supports application development based on frameworks.
The traditional methods are based on the assumption that the design will not affect the
analysis. If you use a framework, you have to
look at the domain in terms of the concepts and
the interactions used in the framework, otherwise it will be very difficult to translate the
analysis model into constructs of the framework. The OORam Software Engineering
Method is, however, able to provide some limited support for framework based application
development. [Reenskaug 96]

How to develop a
framework

If you develop similar applications from the same
application domain over and over again, it might be
a good idea to create your own framework, and use
it as a foundation in your future applications. Such
a framework will capture the expertise within that
application domain, and therefore also be a good
candidate for being sold as a separate product of its
own. However, in order to capture the expertise,
there must be some expertise to capture. [Roberts et
al. 96] suggest that you should develop three different applications within the same domain before you
start off developing a framework. Make sure you
have the source available for these application, be-

We conclude this section with a few statements
from researchers in the field:
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cause they will be used extensively in the development of the framework.

that captures the specific behaviour of each individual application. The abstract superclass for a
certain hot spot must agree between all the applications, while the subclasses handle the necessary
differences. The abstract superclass is then transferred to the framework, while the concrete subclasses are saved in a class library. These classes
will later be used as components when the framework is to be configured.

The first problem you will encounter is to decide
how general your framework must be, i.e. what
application domain that will be appropriate for the
framework. When you look at your applications,
they will probably exhibit certain similarities,
partly due to the fact that they are written by the
same company and partly due to that all of them are
taken from the same application domain. There are,
however, also various differences between them too,
otherwise you would not have taken the trouble to
develop them anew rather than just taken a copy
from the ones that you already have. The big question is, however, if all of the selected applications
are similar enough to be captured by a single
framework. In a manufacturing domain you will
probably encounter both production planning systems and automatic control systems for individual
machines. Although they belong to the same application domain, they exhibit very few similarities,
and it would probably not be a good idea to capture
both of them in the same framework.

Like most software engineering tasks, also framework development is an iterative process. When
you have your first version of the framework ready
for testing, you will probably identify problems and
weaknesses that must be dealt with. Fine tuning the
framework usually includes restructuring of the
architecture and also breaking the components into
finer and finer granularity, in order to give framework users a more detailed control over the adaptation. This fine tuning needs some time, so it is important that you don’t put the framework into use
before it has had enough time to settle and get stable. Don’t underestimate the time that such a fine
tuning must take. If you haste into your first release, you will probably have to pay it later by an
increased maintenance.

To the best of my knowledge, no researcher has yet
been able to come up with a good rule for deciding
on the exact extension of a domain to be covered by
a framework. It is normally left to the framework
developer to determine through trial and error. In
[Johnson 97], the author states that ”...the ability to
generalize for many applications can only come by
actually building the applications and determining
which abstractions are being reused across the applications.” This, however, will not help us to determine whether or not all the selected applications
are similar enough. If they are taken from a domain
that is too wide, they will exhibit few similarities
and many differences. The problem is to decide if
the similarities are large enough to warrant them
being captured by a single framework. If just one of
the applications seem to stick out like a sore thumb,
always causing trouble, it will probably be an indication on that it deviates too much from the rest,
and that it probably ought to be left out. If, however, they all seem to be rather different, then it has
to be left to the judgement of the software engineer
to decide if they all should be captured.

In this first release of your framework, the component library will probably not be rich enough for all
the users to be satisfied. They will probably need to
write their own components, and then they will rely
heavily upon a good documentation being available.
In the normal case, users will only be interested
knowing how to write their own components. What
they require is just a ‘cookbook’, that gives a stepby-step description of how to do it, and what the
result will be of doing just that. Take a look at the
cookbook that describes the MVC framework in
Smalltalk-80, it will give you an idea of how it can
be done. You can find it in [Krasner et al. 88], and
an additional description can also be found in the
MacAppII Programmer’s Guide.
Another variation of the cookbook approach, called
the Active Cookbook, utilises a hypertext system,
which gives the user a possibility to navigate
through the documentation using links between
related issues. A description of such a documentation system can be found in [Pree 94a, Pree 94b].
The text is structured in the form of metapatterns,
which are attached to all the various hot spots in a
framework. Such a metapattern gives a uniform
way of describing the hot spots in a way that is detailed enough to provide the required support to the
users for adaptation of the framework. Other ways
for describing frameworks through the use of Motifs
and Object-Oriented Design Patterns can be found
in [Johnson 92, Lajoie et al. 94].

The parts that are similar in all the applications
will normally cause no problems. They can be
transferred to the framework with only minor
changes. The problem lies in those part that are
different. Usually they are referred to as hot spots,
and the problem is to reformulate each such hot
spot in all the applications into an abstract superclass containing the common management related
to the different behaviours and a concrete subclass
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We also conclude this section with a few quotes
from researchers in the field:

ideas of where to put the parameters in memory
when calling a procedure or function. This will
cause problems when the framework is written in
another language than the components. The ideas
of how large the size of an integer is will also vary
considerably. You will probably encounter various
opinions between 16 and 64 bits. In addition, some
languages make heavy use of an exception mechanism as a means of communicating also minor
problems between program modules. If you don’t
catch them, your program will terminate with
rather obscure messages on the screen.

”The first version of the framework is usually designed to be able to implement the examples, and is
usually a white-box framework. Then the framework
is used to build applications. These applications
point out weak points in the framework, which are
parts of the framework that are hard to change. Experience leads to improvements in the framework,
which often make it more black-box. This process
can continue forever, though eventually the framework is good enough that suggestions for improvement are rare. At some point, the developers have to
decide that the framework is finished and release it.”
- [Johnson 97].

I will not elaborate further on this issue of architectural mismatches. If you are interested in further
information, a more elaborate discussion can be
found in [Garlan et al. 95, Brown et al. 96]. In the
paper [Bosch et al. 97, S. 4], an overview is given
over different problems related to frameworks. In
this paper, I will just give a short summary of these
problems, and refer the interested reader to the paper for further details. In the paper, the authors
have identified the following problems:

”Because frameworks require iteration and deep
understanding of an application domain, it is hard to
create them on schedule. Thus, framework design
should never be on the critical path of an important
project. This suggests that they should be developed
by advanced development or research groups not by
product groups.” - [Johnson 97].

• Domain scope. We have mentioned already
before in this paper that there seems to be no
common agreement about what is the right size
of the problem domain that a framework is supposed to cover.

”While developing complex software is hard enough,
developing high quality, extensible, and reusable
frameworks for complex application domains is even
harder. The skills required to produce frameworks
successfully often remain locked in the heads of expert developers.”

• Framework documentation. The purpose of
framework documentation is two-fold. Firstly,
there is a need to communicate information
about the framework design and other related
information, during the framework development
phase. Secondly, there is a need to transfer information to framework users on how to use the
framework. Current documentation approaches
seem to address some of these documentation
needs, but there seems to be no approach that
covers all of them.

- [Fayad 97].

5

Identified problems in
frameworks

Frameworks always make various assumptions
about their environments. Some of these assumptions are normally stated in the documentation,
while others are discovered first when you test the
application, just before you are supposed to deliver
it. It may be small and simple things like the
framework taking the liberty to always lock all the
files it uses, preventing everybody else from accessing them, to more complex issues like relying
on an automatic garbage collector taking care of all
dynamic memory it no longer uses, when no such
collector is present at all in the system. Regardless
of what small surprises you encounter, they will all
cause you lots of trouble, especially when you have
no time for them.

• Business models. If you plan to invest money in
developing a framework, you will probably want
to know if the framework will be able to pay
back its costs. The problem is that there seems
to be no reliable business model for framework
development. Those who exist either does not
satisfy all relevant requirements or they have
not been tested in an industrial setting.
• Framework development methods. Existing
development methods do not sufficiently support development of frameworks. Framework
design introduces some new concepts that need
to be covered by the methods and some existing
concepts need much more emphasis.

These minor, albeit treacherous, differences in the
assumptions about the environment, have been referred to as architectural mismatches. It includes
different programming languages having different
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• Verifying abstract behaviour. The versatility
of a framework cannot be tested by only one application, especially if the application is for test
purposes alone. Since a framework can be used
in many different, unanticipated ways, it may
simply not be feasible to test all relevant aspects
of it. Standard testing procedures will also not
allow for testing of abstract conceptual behaviours, such as those found in the abstract base
classes.

upgrade the application, new errors may occur.
Therefore, you may have to test all new versions
that are created. If you don’t upgrade all applications, you will end up with multiple active
versions of the framework, which will complicate the maintenance considerably.
The size of the above list of problems may seem
overwhelming, and might cause you to reconsider
your interest in frameworks. This is certainly not
the intention of this paper. If we scrutinise the
normal ways of software development without
frameworks, we will probably be able to come up
with a list at least as long as this one. Frameworks
are good things, and many of the above problems
will be solved in due time. The conclusion of the
paper that elaborated on all the problems above will
support this view. I therefore conclude this section
with a paragraph taken from that section of the
paper.

• Framework release problem. Releasing a
framework for application development has to
be based on some release criteria. The problem
is to define and ensure these criteria for the
framework. The framework must be reusable,
reasonably stable within the domain, and well
documented. However, no general reusability
metrics exist, the domain might not be stable in
itself, and there exist no generally accepted
documentation method.

”Object-oriented frameworks provide an important
step forward in the development of large reusable
components, when compared to the traditional approaches. In our work with the frameworks described in this paper, we have experienced the advantages of framework-based development when
compared to the traditional approach of starting
from scratch. In addition to our own positive experiences, also others, e.g. [Moser&Nierstrasz 96], have
identified that frameworks reduce the amount of development effort required fro application development and can be prosperous investments.” - [Bosch
et al. 97].

• Managing a framework based application
development. Development processes for standard applications are well known and have undergone an evolution from ad-hoc approaches
and waterfall methods to more elaborate models
as spiral models and evolutionary models. It
seems as if framework-based application development is still in the ad-hoc state, where an exploratory style of development is used.
• Applicability of a framework. When developing a framework based application, it is important to determine, with a reasonable degree
of confidence, if the application can benefit
from being based on the framework, and what
resources will be needed in the adaptation process. In order to answer these questions, you
must have an in-depth understanding of both
the framework and the application, and even
then, the question may turn out to be very difficult to answer.

6

Example frameworks

6.1

The Model-View-Controller
framework

The Smalltalk-80 user interface framework, ModelView-Controller (MVC), was perhaps the first
widely used framework. It provided a solution to
the problem of how to keep the presentation of an
object up-to-date at all times. The basic idea is that
you want to have a graphical representation of a
model object on the screen, and have the image
show the current state of the model at all times. If
you use the MVC framework, you make the object
you want to show information about being a model
object, by inheriting the abstract superclass Model.
Then you can attach as many view objects as you
like to that object, each showing the information in
its own way. By inheriting the abstract superclass
View, an object becomes a view object, and is able

• Framework composition. Often, a framework
that is to be reused, needs to be composed with
other frameworks or with reusable legacy components. Architectural mismatches will then
play an important role, and it may turn out that
they simply cannot work together, unless you
are willing to spend a considerable effort on
adapting them to do so.
• Framework maintenance and evolution.
When a framework needs to be upgraded, there
may already be many applications built on it.
Should you upgrade also these applications to
work with the new version of the framework, or
should they remain in their current state? If you
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to subscribe for being notified each time the state
changes within a certain model. Each time the state
changes in the model, the views are notified. They
must then request the needed state information
from the model, and update their screen images
appropriately. A Controller object is responsible for
handling the user input for a model object. When
the user performs some mouse operation on an images for a model, the corresponding controller is
activated, and performs the operation which corresponds to the user action. Each controller handles
the input to a specific model, which it is responsible
for. For more information, see [Burbeck 92].

6.2

cially the Orbix implementation of it, can be found
in [Baker 97].

6.3

The Common Point framework collection

With the formation of Talingent in 1992, frameworks attained interest in larger communities.
Talingent set out to develop a completely objectoriented operating system based on the framework
concept. The company delivered a set of tools fro
rapid application development under the name
CommonPoint, that consists of more than hundred
object-oriented frameworks [Andert 94, Cotter et al.
95]. The Talingent approach made a shift in focus
from the monolithic frameworks representing entire
applications to more fine-grained frameworks, each
covering a specific subsystem.

The CORBA framework

Another interesting framework, which also is
widely used, is the Common Object Request Broker
Architecture (CORBA). The CORBA standard was
adopted in October 1991, and the first full implementation was released in July 1993. It addresses
some of the most serious difficulties in large scale
enterprise level computing. CORBA allows software to be written as a set of interacting components that can communicate across the boundaries
of a network, different operating systems and different programming languages. This encourages
the writing of open applications, i.e. applications
which can be used as components of larger systems.
Each application is made up of components, and
integration is supported by allowing other applications to communicate directly with these components - subject, of course, to security.

7

Conclusions

Object-oriented frameworks are an interesting approach for reusing both design and implementation.
Researchers are becoming aware of the importance
of being able to reuse the design, which currently
holds a stronger position than the reuse of implementation alone. A reason for this is suggested in
[Johnson 97]: ”Reuse experts often claim that design
reuse is more important than code reuse, mostly because it can be applied in more contexts and so is
more common. Also, it is applied earlier in the development process, and so can have a larger impact
on a project.”

A CORBA architecture consists of a set of CORBA
servers, distributed over different nodes on a network. Each such server acts as a host for a set of
CORBA objects. A CORBA client program can
directly use all these CORBA objects distributed
over the entire system. If an object’s server is not
running when the invocation is made on it,
CORBA will automatically activate it. The server’s
code includes the code that implements its CORBA
objects, together with a main function (main() in
C++) that initialises the server and creates an initial set of objects. Central to the entire concept is
the object request broker (ORB), which keeps track
of all the services that are provided by all the objects throughout the entire system. A CORBA client
program can therefore request from an ORB to get
a reference to e.g. the object that manages the seat
reservations at a cinema in Oslo which currently
shows the movie ”Titanic”. When the client has
received the reference, it can make the seat reservations by interacting directly with the object referred to. More information about CORBA, espe-

There are, no doubt, many problems concerning the
development and use of frameworks which still
need to be solved, but the potential of frameworks
seems to make it well worth it spending a large
effort of attacking these problems. The possibility
to provide reuse opportunities at different granularity levels, gives software engineers more freedom to
decide on the boundaries of reuse concepts. This
means that software engineers can focus entirely on
the application domain when identifying reuse concepts, without having to take the granularity of the
corresponding design constructs into account.
Frameworks are able to represent entire applications or just some subsystem, like a user interface
or a communications subsystem.
Experiences, i.e. from the CORBA project, show
that a framework in combination with a standard, is
able to provide powerful and very general tools for
application development. By defining standards, we
are able to avoid the problem of ending up with
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incompatible frameworks. This is currently one of
the biggest problems, which emerged when we
moved from a single large monolithic application
framework to multiple smaller ones, each covering
only a subsystem part of the application. Even if
many research teams have identified problems with
frameworks, to my best knowledge, a large majority
of them see frameworks as a very important tool for
enhancing the reuse of software.

8
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Birds of A Different Feather
An Essay on Components and Components

Erik Persson
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WUDGLWLRQV
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Abstract–“Software architecture” and “software components”
currently attract considerable interest in industry as well as in
academe. The term “component” is of paramount importance
to both fields, although they are severely at odds in their understanding of it. These divergent understandings are investigated and contrasted and turn out to reflect a deep-seated dissimilitude in outlook and mindset. Consequently, the question,
whether two birds of such a different feather can flock together, is considered, and, as a result, a number of spots of
possible synergy is arrived at.

SDUWLFXODU VXEGRPDLQ RI VRIWZDUH FRQVWUXFWLRQ 7KH ILUVW

Index Terms–software components, software architecture,
software reuse

VW\OH ZLOO EH DWWHQGHG WR DQG D GHHSVHDWHG GLVVLPLOLWXGH

REMHFWLYH RI WKLV HVVD\ LV WR VKHG VRPH OLJKW RQ WKHVH WZR
GLIIHUHQW FRPSRQHQW LQWHUSUHWDWLRQV

7KH WZR YLHZV RI ZKDW D FRPSRQHQW LV ZLOO EH WDNHQ DV
D VWDUWLQJ SRLQW IRU D EURDG FRPSDULVRQ RI WKH WZR ILHOGV
VRIWZDUH DUFKLWHFWXUH DQG VRIWZDUH FRPSRQHQWV 9DULRXV DVSHFWV
LQFOXGLQJ RULJLQV SURGXFHU DQG FRQVXPHU FRPPXQLWLHV
JHQHUDO RXWORRN OLWHUDWXUH WHFKQRORJ\ EDVLV DQG SURMHFW

RI RXWORRN DQG PLQGVHW EHWZHHQ WKH WZR DUHDV ZLOO EH
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VHQWLDOO\ VWLOO SUHYDLOV DQG KDV EHHQ DGRSWHG E\ WRGD\·V

SURPLVH RI UHXVH 9LVXDO %DVLF·V FXVWRP FRQ

FRPPHUFLDO

WKHVH

WUROV VXFFHHGHG :KDW UROH ZLOO REMHFWRULHQWHG

DOVR DGG VXQGU\ UHILQHPHQWV DQG YDULDWLRQV WR WKH RULJL

SURJUDPPLQJ SOD\ LQ WKH FRPSRQHQWVRIWZDUH

QDO WKHPH ,PSRUWDQW SRLQWV RI YDULDWLRQ LQFOXGH ODQ

UHYROXWLRQ WKDW·V QRZ ILQDOO\ XQGHU ZD\"

FRPSRQHQW

JXDJHLQGHSHQGHQFH

WHFKQRORJLHV

DQG

LQKHULWDQFH

DOWKRXJK

DQG

DPRQJ

WKH

QRWHZRUWK\ DGGLWLRQV DUH PXOWLSOH LQWHUIDFHV DQG LQWHU
IDFH QHJRWLDWLRQ RXWJRLQJ

HYHQW

8GHOO·V RSHQLQJ SKUDVH LQ WKH
:DUH FRQVSHFWXV KDV EHFRPH D

LQWHUIDFHV DQG LQWUR

VSHFWLRQ )XUWKHUPRUH ² DQG E\ IDU PRVW LPSRUWDQWO\ ²
FRPSRQHQWV KDYH EHHQ JLYHQ D IDFH

PRUH

RU

OHVV

GH

ULJXHXU

E\

%\WH
ORFXV

FRPSRQHQW



&RPSRQHQW

FODVVLFXV

TXRWHG

FKURQLFOHUV

,Q

GHHG WKH IRUPVEDVHG SURJUDPPLQJ VW\OH LQWURGXFHG E\
0LFURVRIW·V 9LVXDO %DVLF DQG LWV 9%; FRPSRQHQWV LQ 

C. The Visualisation of Components
*UDSKLFDO

XVHU

LQWHUIDFHV

DQG

REMHFWRULHQWDWLRQ

KDYH EHHQ VLEOLQJV IURP WKH YHU\ RXWVHW DQG WKH QRWLRQ



>/&@ $ PRUH HODERUDWH WUHDWPHQW RI WKH VDPH WRSLF LV IRXQG LQ

[&R[@

S

 HW VHTT

FRUUHVSRQGLQJ

$GD

*UDG\ %RRFK

FRPSRQHQW

VRPHZKDW ODWHU IRUPXODWHG

SURJUDPPH

6HH

[%RRF@

S



6HH

[:LOO@ DQG >.DHK@ &I DOVR [&ROO@ S  HW VHTT



&I

[2+(@

S  HW VHTT DQG

[7%@ [1RYR@

DQG

[&UDLJ@

S  HW VHTT JLYH PRUH SURJUDPPLQJ GHWDLOV

D



HW

SDVVLP





,Q WKH

1H[W SDWRLV DQ RXWOHW LV XQGHUVWRRG DV DQ 2EMHFWLYH& LG YDUL

DEOH LH D KDQGOH WKDW PD\ LGHQWLI\ DQ\ W\SH RI REMHFW

[3DUQ@
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>8GHO@ S 

:LQGRZV



EHFDPH LPPHQVHO\ SRSXODU DQG KHQFH FRQGXFLYH WR WKH
VXFFHVV RI WKH
EHQHILWV OLNH

HQKDQFHG


SODWIRUP
GHYHORSHU



1RW RQO\ GLG LW EULQJ
SURGXFWLYLW\

$OWKRXJK WKH 9%;$FWLYH; WHFKQRORJ\ ZDV LQ

VWUXPHQWDO LQ FUHDWLQJ WKH VXFFHVV RI :LQGRZV LW ZDV DOVR

UHGXFHG

GHSHQGHQW RQ WKH DEXQGDQFH RI WKH :LQWHO SODWIRUP IRU

WLPHWRPDUNHW DQG WULPPHGGRZQ SURMHFW VWDIILQJ GH

LWV

LW HQGRZHG QHZ FDWHJRULHV
RI SHRSOH ² WKDW ZRXOG QHYHU HYHQ WKLQN RI GRLQJ WUDGL
WLRQDO SURJUDPPLQJ ² ZLWK WKH DELOLW\ WR FUHDWH DGYDQFHG
*8, DSSOLFDWLRQV ,Q VKRUW 5$' PDGH :LQGRZV GHYH
ORSPHQW FKHDSHU DQG PRUH SUHGLFWDEOH ² DQG :LQGRZV
SURJUDPPH VXSSO\ ULFKHU

QHQWV LV KDUGO\ D UR\DO URDG WR SURVSHULW\ DQG WKH 
PLOOLRQ·V ZRUWK RI WKH HQWLUH $FWLYH; PDUNHW RQO\ FRYHUV
WKH FRVWV RI WZR 7LWDQLFVL]HG PRYLHV $V \HW WKH PDUNHWV
IRU &25%$ REMHFWV RU -DYD %HDQV DUH DW EHVW QDVFHQW

PDQGV EXW OLNH +\SHU&DUG

VXFFHVV 6WLOO

FRQVWUXFWLRQ

RI

$FWLYH;

FRPSR

E. Software Components – A Hierarchical Refinement
$W WKH EHJLQQLQJ RI WKH V %UDG &R[ H[WHQGHG WKH
KDUGZDUHVRIWZDUH DQDORJ\ LPSOLFLW LQ WKH 6RIWZDUH,&

9%;V FUHDWHG WKH ILUVW FRPSRQHQW PDUNHW RI DQ\
VL]H ,Q  WKH PDUNHW IRU LWV VFLRQ WHFKQRORJ\ WKH

)LJXUH 

RZQ

%UDG &R[· KLHUDUFK\ RI LQWHJUDWLRQ OHYHOV

FRQWUROV ZDV HVWLPDWHG WR  PLOOLRQ E\ WKH
DQG D 0LFURVRIW UHSUHVHQWDWLYH UH
FHQWO\ JDYH WKH QXPEHU RI DYDLODEOH $FWLYH; FRQWUROV DV

FRXUWHV\ RI %UDG &R[ 

$FWLYH;

QRWLRQ WKURXJK D VFKHPH RI ILYH ´OHYHOV RI LQWHJUDWLRQµ

*LJD ,QIRUPDWLRQ *URXS

DV LOOXVWUDWHG LQ

)LJXUH  7KH HOHPHQWV RI HDFK OHYHO DUH

VKRZQ WR WKH ULJKW RI WKH ILJXUH DQG WKH GHJUHH RI VXS
SRUW IRU WKH OHYHOV LQ GLIIHUHQW SURJUDPPLQJ ODQJXDJHV LV

 $FFRUGLQJ WR D UHFHQW

0LFURVRIW
9LVXDO %DVLF

6HSWHPEHU 

SUHVV

LQGLFDWHG E\ WKH SLH VOLFHV *DWH DQG EORFNOHYHO FRPSR

UHOHDVH

QHQWV

WKH ZRUOG DPRXQWLQJ WR PRUH WKDQ  RI DOO SURIHVVLRQDO SUR
JUDPPHUV 7KH VDPH VRXUFH FODLPV WKDW WKHUH DUH  ERRNV DERXW
>0LFUE@ WKHUH DUH PRUH WKDQ  PLOOLRQ

GHYHORSHUV LQ

ERWK

LPSO\

WLJKW

FRXSOLQJ

EXW DW

WKH

JDWH

OHYHO

ELQGLQJ LV GRQH DW FRPSLOHWLPH ZKHUHDV DW WKH EORFN

6RIW

,Q >0LFUD@ WKH QXPEHU RI V\VWHPV ZKHUH 0LFURVRIW·V
FRPSRQHQW LQIUDVWUXFWXUH &20 LV LQ XVH LV HVWLPDWHG WR  PLOOLRQ
2XW RI WKHVH :LQGRZV DFFRXQWV IRU  PLOOLRQ DQG

OHYHO LW PD\ EH GHOD\HG XQWLO OLQN RU HYHQ ORDG WLPH

IRU  PLOOLRQ V\VWHPV ZKHUHDV ELW

LV HVVHQWLDO DQG ELQGLQJ LV GHOD\HG XQWLO UXQWLPH $GGL

9LVXDO %DVLF

:LQGRZV

ZDUH,&V DQG 6PDOOWDON REMHFWV DUH EXLOGLQJ EORFNV DW WKH

:LQGRZV 17

FKLSOHYHO +HUH DQG DW WKH KLJKHU OHYHOV ORRVH FRXSOLQJ

YHUVLRQV  DQG 

ZLOO PDNH XS WKH UHPDLQGHU +RZ WKHVH HVWLPDWHV KDYH EHHQ DUULYHG

WLRQDOO\ REMHFWV DW WKH FDUGOHYHO KDYH WKHLU RZQ WKUHDG

DW LV QRW H[SODLQHG DQG RI FRXUVH WKH\ VKRXOG EH WDNHQ ZLWK D IDLU

RI

SLQFK RI VDOW >6HVV@ UHSRUWV WKDW

0LFURVRIW

LQ $SULO  RXVWHG

IURP WKH SRVLWLRQ DV WKH ODUJHVW VRIWZDUH FRPSDQ\ LQ WKH

,%0

FRQWURO

ZKHUHDV

UDFNOHYHO

REMHFWV

DUH

LQGHSHQGHQW

SURJUDPPHV ZLWK WKHLU RZQ VHSDUDWH DGGUHVV VSDFHV

ZRUOG LQ

WHUPV RI UHYHQXHV

7KH IRUPVEDVHG SURJUDPPLQJ VW\OH RI
LQ VRPH RWKHU VXFFHVVIXO

:LQGRZV

9LVXDO %DVLF KDV EHHQ DGRSWHG

5$'



GHYHORSPHQW WRROV VXFK DV
DQG 3RZHU

%RUODQG·V 'HOSKL &HQWXUD·V 64/:LQGRZV 2UDFOH·V 3RZHU2EMHFWV



VRIW·V 3RZHU%XLOGHU
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>/HDF@

[&R[D@ [&R[E@ [&R[@ DQG [&1@ S  HW VHTT

7DEOH  &R[· ILYH DUFKLWHFWXUDO OHYHOV RI ´REMHFWVµ

6WDWH

%HKDYLRXU

7KUHDG RI

$GGUHVV

7\SH

FRQWURO

VSDFH

FKHFNLQJ

%LQGLQJ

'DWD FRP

2EMHFW W\SHV

H[FKDQJH

(QFDSVXODWHG

(QFDSVXODWHG

(QFDSVXODWHG

+DUGZDUH
SURWHFWHG

'\QDPLF

'\QDPLF

$V\QFKURQRXV
YDOXHV RQO\

3URFHVV SUR
JUDPPH

(QFDSVXODWHG

(QFDSVXODWHG

(QFDSVXODWHG

6KDUHG

'\QDPLF

'\QDPLF

$V\QFKURQRXV
YDOXHV UH
IHUHQFHV

7DVN WKUHDG FR
URXWLQH &%2

&KLS

(QFDSVXODWHG

(QFDSVXODWHG

6KDUHG

6KDUHG

'\QDPLF

'\QDPLF

6\QFKURQRXV
YDOXHV UH
IHUHQFHV

&RPSRQHQW RE
MHFW 6RIWZDUH
,&

%ORFN

(QFDSVXODWHG

(QFDSVXODWHG

6KDUHG

6KDUHG

6WDWLF

/RDG WLPH RU
HDUOLHU

6\QFKURQRXV
YDOXHV UH
IHUHQFHV

2EMHFW PRGXOH
SDFNDJH VXEURX
WLQH

*DWH

6KDUHG

6KDUHG

6KDUHG

6KDUHG

6WDWLF

&RPSLOH WLPH 6\QFKURQRXV
YDOXHV UH
IHUHQFHV

([SUHVVLRQ VWD
WHPHQW PDFUR
YDULDEOH

3URFHVV
UDFN

7DVN
FDUG

/DWHU &R[ UHYLVHG KLV VFKHPH VRPHZKDW DV VKRZQ

OHYHO

LQ 7DEOH  +H QRZ VSHDNV RI ´ILYH DUFKLWHFWXUDO OHYHOVµ

LV

WUDYHUVHG

VDIHW\

DQG

HIILFLHQF\

ORRVH FRXSOLQJ IOH[LELOLW\ DQG RSHQQHVV

DUH

WUDGHG

IRU



ZKLFK KH FRQWUDVWV ZLWK WKH FRPPRQ WZROHYHO PRGHO
RI

RSHUDWLQJ

V\VWHP

DQG

SURJUDPPLQJ

ODQJXDJHV



7KH LPSRUWDQW WKLQJ WR QRWH KHUH LV WKDW &R[·

,Q

6RIW

WKLV VFKHPH WKHUH LV D PDUNHG ULIW EHWZHHQ WKH WLJKWO\

ZDUH,&V DV ZHOO DV PRVW FRPPRQ EUHHGV RI FRPPHUFLDO

FRXSOHG EORFNJDWHOHYHOV DQG WKH ORRVHO\FRXSOHG XS

FRPSRQHQWV ZLOO EH VXEVXPHG XQGHU WKH FKLSOHYHO

SHU OHYHOV 7KH IRUPHU DUH HVVHQWLDOO\ IDEULFDWLRQ WHFKQR

,QGHHG FRPSRQHQWV DUH SULPDULO\ LQWHQGHG IRU DVVHPEO\

ORJLHV XVHIXO IRU ORZOHYHO FRQVWUXFWLRQ HIIRUWV PDGH E\

UDWKHU

SURJUDPPLQJ

H[SHUWV

ZKHUHDV

WKH

FDUG DQG

&%2V

UDFN OHYHOV

WKDQ

IDEULFDWLRQ

7KH

&RRSHUDWLYH

GHVFULEHG E\ 2OLYHU 6LPV
ZKHUHDV

IXOOIOHGJHG

ZLOO

%XVLQHVV
EHORQJ

DSSOLFDWLRQV

2EMHFWV
WR

WKH

ZLWK

DQ

SURYLGH DVVHPEO\ WHFKQRORJLHV ZKLFK FRXOG EH FRPELQHG

FDUG

ZLWK LFRQLF UHSUHVHQWDWLRQV WR FUHDWH YLVXDO DVVHPEO\ HQ

$XWRPDWLRQ LQWHUIDFH VXFK DV :RUG RU ([FHO PD\ EH UH

YLURQPHQWV DSSURSULDWH DOVR IRU WKH FRPPRQ UXQ RI HQG

JDUGHG DV YHU\ FRDUVHJUDLQHG UDFNOHYHO FRPSRQHQWV

XVHUV

OHYHO



 &R[ OLNHQV WKH GLIIHUHQFH EHWZHHQ WKH FKLS DQG

EORFN OHYHOV WR WKDW EHWZHHQ RSHQ DQG FORVHG V\VWHPV LQ

+LVWRULFDOO\

SK\VLFV :KHQ WKH ERUGHU EHWZHHQ WKH EORFN DQG FKLS

D

PRWLRQ

XSZDUGV

KDV

WDNHQ

SODFH

ZLWKLQ &R[· PRGHO IURP ORZOHYHO WLJKWO\NQRW V\VWHPV
WRZDUGV KLJKHUOHYHO ORRVHO\FRXSOHG DJJORPHUDWLRQV RI




>&R[@ S  HW VHT 2Q S  &R[ VWDWHV WKDW DOVR JDWH OHYHO RE

WKH G\QDPLF LQYRFDWLRQ IDFLOLWLHV RI &25%$ DQG
WKH GLVSDWFK LQWHUIDFHV RI &202/( LQ RUGHU WR UHFRQFLOH WKH FDSD

XVHG LQ -DYD%HDQV

MHFWV HQFDSVXODWH WKHLU RZQ VWDWH DQG EHKDYLRXU DOWKRXJK RWKHU SDUWV
RI

KLV

GLVFXVVLRQ

UHIOHFW

WKH

RSSRVLWH

YLHZ

WKDW

WKH\

LQGHHG

VKDUH

ELOLW\ IRU G\QDPLF GLVFRYHU\ RI LQWHUIDFHV ZLWK VWDWLFDOO\ W\SHG ODQ

VWDWH DQG EHKDYLRXU +HUH , KDYH IRXQG LW XVHIXO WR DGRSW WKH YLHZ

JXDJHV VXFK DV

WKDW JDWH OHYHO HQWLWLHV DUH VKDUHG




$V H[DPSOHV RI YLVXDO FDUGOHYHO SURJUDPPLQJ HQYLURQPHQWV &R[

PHQWLRQV

)DEULN

VHH

[,:&/'@

DQG 0HWDSKRU ,Q

[&R[@

2I ODWH UHIOHFWLYH WHFKQLTXHV KDYH EHHQ XVHG WR PDNH WKH XQLYHUVH

RI VWDWLFDOO\ W\SHG ODQJXDJHV OHVV FORVHG 9DULDQWV RI WKLV WKHPH DUH

-DYD

,Q FRQWUDVW WKH

DQG

$GD

&

FRPSRQHQWV RI >%RRF@ DQG WKH

SRQHQWV RI >-D]D@ DUH EORFNOHYHO HQWLWLHV

KH GH

VFULEHV KLV RZQ 2EMHFWLYH& 7DVN0DVWHU OLEUDU\ IRU EXLOGLQJ DV\QFKUR

 >6LPV@

QRXV FDUGOHYHO REMHFWV
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&

FRP

REMHFWV

RU

FRPSRQHQWV

7KH

PRVW

LPSRUWDQW

6\VWHPV

GULYLQJ

WR WDNH RQ WKH UROH RI WKH DEVWUDFW EXLOGLQJ EORFN WKDW LV

IRUFH IRU WKLV PRWLRQ ZLOO EH D ORQJVWDQGLQJ WKUXVW WR
ZDUGV LQWHUDFWLYLW\ DQG XVHU HPSRZHUPHQW



WKH XQLW RI UHXVH :HJQHU PDGH D WD[RQRP\ RI VXFK

7KH LWLQHU

FRPSRQHQWV VHH )LJXUH   DQG RWKHUV IROORZHG VXLW

DU\ PHDQGHUV IURP WKH LQWURYHUW PDFKLQHRULHQWHG VW\OH
RI FRPSXWLQJ RI WKH V DQG V RYHU
WHUPLQDOV
RULHQWHG

XVHU

RI

WKH

IDVKLRQV

V
RI

WRZDUGV

SHUVRQDO

WRGD\·V

WKH

LQWHUDFWLYH

H[WUDYHUW

FRPSXWHUV

HIIRUW  ,Q WKLV FRQWH[W WKH WHUP FRPSRQHQW FDPH

DQG

XVHU

SOFTWARE
COMPONENT

JUDSKLFDO
STATE

NO STATE

LQWHUIDFHV

FUNCTIONS
SUBPROGRAMS

III. SOFTWARE COMPONENTS II

PROCESS
ABSTRACTION

DATA
ABSTRACTION

NO INHERITANCE

INHERITANCE

CONCURRENT
(SHARED MEMORY)

DISTRIBUTED
(NO SHARING)

:LWKLQ VRIWZDUH HQJLQHHULQJ DQG LQ SDUWLFXODU ZLWKLQ LWV
VXEGRPDLQ VRIWZDUH UHXVH WKH WHUP FRPSRQHQW LV

ADA TASKS

CLU, ADA
PACKAGES

UHJXODUO\

SINGLE

MULTIPLE

XQGHUVWRRG LQ D ZD\ WKDW IXQGDPHQWDOO\ GLYHUJHV IURP
SMALLTALK-80

WKH RQH VWXGLHG LQ WKH SUHYLRXV VHFWLRQ ,Q WKHVH FLUFOHV

DISTRIBUTED
CONCURRENT
PROCESSES

DISTRIBUTED
SEQUENTIAL
PROCESSES

ARGUS

CSP, NIL

LISP FLAVORS

FRPSRQHQW LV XVHG YHU\ EURDGO\ GHQRWLQJ DOPRVW DQ\ W\SH

)LJXUH 

RI ´EXLOGLQJ EORFNµ $ W\SLFDO H[DPSOH RI WKLV XVDJH H[



:HJQHU·V WD[RQRP\ RI VRIWZDUH FRPSRQHQWV

FHUSWHG IURP RQH UHFHQW ERRN RQ VRIWZDUH UHXVH LV

IV. BIRDS OF A DIFFERENT FEATHER
$ UHXVDEOH FRPSRQHQW LV DQ\ FRPSRQHQW WKDW

7KH GLIIHUHQW XQGHUVWDQGLQJV RI FRPSRQHQWV FRQ

LV VSHFLILFDOO\ GHYHORSHG WR EH XVHG DQG LV DFWX

VLGHUHG DERYH UHIOHFW DQ HYHQ PRUH GHHSVHDWHG FOHIW LQ

DOO\ XVHG LQ PRUH WKDQ RQH FRQWH[W

RXWORRN DQG PLQGVHW EHWZHHQ WKH

VRIWZDUH FRPSRQHQWV
DVSHFWV

6RPH UHXVH DXWKRUV KDYH DQ HYHQ EURDGHU LQWHUSUH

RI

WKH

WHFKQLFDO

ILFDWLRQV DQG GHVLJQV XQGHU WKH FRPSRQHQW
WHUP  6RIWZDUH DUFKLWHFWXUH ZKLFK EDVLFDOO\ LV D

UHVHDUFK VW\OHV

XPEUHOOD

H[HPSOLILHG E\ WKH DERYH TXRWDWLRQ

FRPSRQHQW

LQFOXGLQJ

FRPPXQLWLHV

DQG

ELDVHV

DQFHVWU\

,QVWLWXWH

LQ WKLV ZLGH VHQVH

LQ

WKH

YDULRXV

RPSKDORV

ZD\V
RI

67$56

XVKHUHG

LQ

ILUVW

EHJDQ

WR

DWWUDFW

ZLGHVSUHDG

DWWHQWLRQ

,77 :RUNVKRS RQ 5HXVDELOLW\ LQ 3URJUDPPLQJ
D

SHULRG

RI

LQWHQVH

LQWHUHVW

VSXUUHG E\ LQWHU DOLD WKH ORQJUXQQLQJ

'HIHQVH 67$56

WKH

DURXQG

SURMHFW

LQ

7KH

WKLV

XVH



RULJLQV

DQG

PRVW
SUR
HDFK

OLWHUDWXUH

DQG

VRIWZDUH

WLYHV DQG WKHLU FKDUDFWHU KDV EHHQ GHHSO\ LQIOXHQFHG E\

IRXQGHG ² DQG IXQGHG ² E\ WKH

LVVXHV

WKURXJK

IRUPHG

DQG

FDQ EH WUDFHG EDFN WR WKH ILUVW KDOI RI WKH V ZKHQ UH

7KH

FXWV

2ULJLQV 6RIWZDUH HQJLQHHULQJ VRIWZDUH UHXVH DQG



FRPSRQHQW

DUHDV

VRIWZDUH DUFKLWHFWXUH

FOHIW

DUFKLWHFWXUH DOO KDYH WKHLU URRWV LQ ODUJH 86 GHIHQFH LQLWLD

LV DV

WKLV
7KH XVDJH RI WKH WHUP

EDVHV

7KLV

EUDQFK RI

WKH VRIWZDUH HQJLQHHULQJ WUHH KDV TXLWH QDWXUDOO\ DGRSWHG
WKLV UXEEHUEDQG XQGHUVWDQGLQJ RI ZKDW D

WZR

GXFHUFRQVXPHU

WDWLRQ RI FRPSRQHQW DQG VXEVXPH HOHPHQWV VXFK DV VSHFL

ILHOGV

6RIWZDUH

FRPSOH[

UHXVDELOLW\

86 'HSDUWPHQW RI

6RIWZDUH 7HFKQRORJ\ IRU $GDSWDEOH 5HOLDEOH

WKH

DQG

LQ

HYHQ

EH

RQFH

86 'HSDUWPHQW RI 'HIHQVH

6RIWZDUH 7HFKQRORJ\ IRU $GDSWDEOH 5HOLDEOH 6\VWHPV
VRIWZDUH FRPSRQHQWV

SURJUDPPH ,Q FRQWUDVW WKH FUDGOH RI
ZDV

(QJLQHHULQJ
ZDV

KLJKO\

FRPSHWLWLYH

SDUWLFXODU
DUJXHG

LWV

WKDW

RZQ

SHUVRQDO

FRPSXWHU

RPSKDORV

VRIWZDUH

PDUNHW

0LFURVRIW LW

FRPSRQHQW

FDQ

WHFKQRORJ\

 7KH WKHRUHWLFDO UDPLILFDWLRQV RI WKLV FKDQJH RI PLQGVHW KDYH RQO\


UHFHQWO\ VWDUWHG WR EHFRPH FRUUHFWO\ DSSUHFLDWHG &I >:HJQDE@



[.DUO@

S  6HH DOVR HJ [6DPH@ S  DQG

[.UXH@



S 

HW VHTT

 6R HJ

&I

['55@

[:HJQ@

S



:HJQHU·V

EURDG

DGRSWHG DQG IXUWKHU ZLGHQHG E\ WKH

[&RXO@ S  HW VHTT

QRWLRQ

YHUVLW\ RI *HQHYD 6HH >17@ S  HW VHTT DQG
7KH PRVW H[WUHPH H[DPSOH RI WKLV

FROV

QHQW W\SHV IRXQG LQ [0FFO@ S  HW VHT

HYHQ DUFKLWHFWXUHV DUH ORRNHG XSRQ DV FRPSRQHQWV



[%&.@ S  [.&$%@ SURSRVHV WKH WHUP DUFKLWHFWXUDO HOHPHQW
FRPSRQHQW

DQG

FRPSRQHQW

ZDV

[10DE@

ZKHUH

PL[LQV IXQFWLRQV PDFURV SURFHGXUHV WHPSODWHV LQWHUIDFHV SURWR

OLEHUDO YLHZ RI FRPSRQHQWV ZLOO EH WKH RPQLXP JDWKHUXP RI FRPSR

D XQLILFDWLRQ RI

RI

2EMHFW 6\VWHPV *URXS DW WKH 8QL

PRGXOHV

SDFNDJHV

IUDPHZRUNV

JHQHULF

 7KHVH LQFOXGH [%RRF@ S  HW
[.&$%@ DQG [6DPH@ S  HW VHTT

DV

FRQQHFWRU

86

VHTT

FRQILJXUDWLRQV

DQG

PRVW

DQG

UHFHQWO\

FRQVWLWXWHG



0LFURVRIW

WKH YHU\ OHYHU E\ PHDQV RI ZKLFK

PDOLVPV

YDXOWHG LQWR LWV FXUUHQW SLQQDFOH SRVLWLRQ RQ WKLV PDUNHW

ILWWLQJO\
WDNHQ

3URGXFHUV 6RIWZDUH DUFKLWHFWXUH LV DOPRVW HQWLUHO\ SUR

DQG

VHULRXV

WR

WKH

WRQH

DQG

RI

VWULFW

YRLFH

LQ LWV SXEOLFDWLRQV

6XSHUILFLDOO\

WKLV

FRXOG

LV
EH

WKH VSLULW RI UHVHDUFK EXW PDQ\ RWKHU UH

EH

VHDUFKRULHQWHG

VRIWZDUH

FRPPXQLWLHV



GR

QRW

VKDUH

SHOOHG E\ DFDGHPH DOWKRXJK LQ FORVH FRRSHUDWLRQ ZLWK

WKHVH FKDUDFWHULVWLFV UDWKHU , WKLQN WKLV VSLULW KDV VRPH

VRIWZDUH

NLQG RI UHODWLRQ WR WKH GHSHQGHQFH RQ GHIHQFH IXQGLQJ

FRPSRQHQW WHFKQRORJ\ DUH PRYHG IRUZDUG E\ WKH GHYHORS

,Q DQ\ FDVH DOO WKLV LV YHU\ IDU IURP WKH PXQGDQH EXVL

LWV PDLQO\ LQGXVWULDO FRQVXPHUV 7KH IURQWLHUV RI

PHQW JURXSV DQG UHVHDUFK ODERUDWRULHV RI

0LFURVRIW DQG D

DQG

QHVV

JRDOV

DQG

WKH

VSLULW

RI

FRPSHWLWLRQ

WKDW

DUH

WKH

6XQ 1HWVFDSH

GULYHUV RI VRIWZDUH FRPSRQHQW WHFKQRORJ\ 7KLV LV WKH

,%0 DV ZHOO DV LQGXVWULDO FRQVRUWLD VXFK DV WKH 2E

DUHQD ZKHUH UXPRXUV K\SH GLVLQIRUPDWLRQ DQG ´FRP

IHZ RWKHU FRPSXWHU FRPSDQLHV LQFOXGLQJ

MHFW 0DQDJHPHQW *URXS
OHDGLQJ

SHRSOH

:LOOLDPV

DQG

20*  DQG DOWKRXJK VRPH RI WKH

LQYROYHG

6XQ6RIW·V

VXFK

*UHJRU\

DFDGHPLFDOO\ VFKRROHG

0LFURVRIW·V

DV

+DPLOWRQ

UHVHDUFKHUV

WKH\

DUH

DUH

SRQHQW ZDUVµ SUHYDLO $FDGHPLF LQWHUHVW LQ FRPSRQHQWV

$QWKRQ\

LV VWLOO D IULQJH SKHQRPHQRQ DOWKRXJK D QXPEHU RI UH

LQGHHG

QRW

VHDUFK ZRUNVKRSV KDYH EHHQ RUJDQLVHG ODWHO\



WDNLQJ

/LWHUDWXUH 7KH OLWHUDWXUH RI VRIWZDUH DUFKLWHFWXUH FRQ

SDUW LQ WKH ULWXDOV RI WKH VRIWZDUH UHVHDUFK FRPPXQLW\
RQ D UHJXODU EDVLV

VLVWV RI UHVHDUFK SDSHUV DQG D IHZ ERRNV -XGJLQJ IURP
LWV VRIWZDUH HQJLQHHULQJ DQFHVWU\ RQH PD\ EH WHPSWHG

&RQVXPHUV 6RIWZDUH DUFKLWHFWXUH LV JHDUHG WRZDUGV ODUJH

WR SUHGLFW WKH DGYHQW RI D KDQGERRN DV VRRQ DV WKH DUHD

VFDOH PDQXIDFWXULQJ LQGXVWU\ DQG LQ SDUWLFXODU WRZDUGV

KDV UHDFKHG VRPH PRUH PDWXULW\ 7KH SUHGLOHFWLRQ IRU

WKH GHIHQFH LQGXVWU\ DQG VRPH RWKHU LQGXVWULDO VHFWRUV

DEVWUDFWLRQ ILUVW SULQFLSOHV DQG WD[RQRPLHV DQG WKH VHUL

ZKHUH VRIWZDUH DQG KDUGZDUH DUH FRPELQHG LQWR FRP

RXV OLPSLG DQG UHVWUDLQHG VW\OH RI ZULWLQJ W\SLFDO RI

SOH[

ZDUH

,WV

V\VWHPV
DGRSWHUV

VXFK
DUH

DV

WHOHFRPPXQLFDWLRQV

IRXQG

LQVLGH

D

RU

DYLRQLFV

WHFKQRORJ\RULHQWHG

DUFKLWHFWXUH

OLWHUDWXUH

KDYH

DOUHDG\

EHHQ

VRIW

WRXFKHG

VRIWZDUH FRPSR

XSRQ ,Q FRQWUDVW WKH KXJH OLWHUDWXUH RQ

FRPPXQLW\ RI PDLQO\ ZHOOHGXFDWHG HQJLQHHUV DOWKRXJK

QHQWV LV XVXDOO\ IRFXVHG RQ WHFKQLFDO PDWWHUV RIWHQ GRZQ

WKH

HQJLQHHUV

WR WKH XWWHUPRVW OHYHO RI H[FUXFLDWLQJ GHWDLO DQG LWV WRQH

6RIWZDUH FRPSRQHQW WHFKQRORJ\ DGGUHVVHV WKH WZR YHU\ GL

PDMRULW\

RI YRLFH LV LQIRUPDO QRW VHOGRP WDQWDOLVLQJO\ MRFRVH 7R

YHUVH

NHHS XS ZLWK WKH GHYHORSPHQWV LQ WKLV DUHD RQH VKRXOG

DQG

RI

WKHVH

FRQVWDQWO\

ZLOO

QRW

EH

H[SDQGLQJ

FRPSXWHU

GRPDLQV

ZKHUH

HLWKHU

SHUVRQDO FRPSXWHUV RU WKH ,QWHUQHW RU ERWK DUH WKH PDLQ SODW

UDWKHU

IRUPV

-RXUQDO %<7( 2EMHFW 0DJD]LQH RU 'U 'REE·V -RXUQDO WKDQ

KDYH

RI

D

VRIWZDUH

PRUH

*HQHUDOO\

VSHDNLQJ

EXVLQHVVRULHQWHG

IODYRXU

WKHVH
WKDQ

GRPDLQV
WKH

ILHOGV

UHVHDUFK

ZKHUH VRIWZDUH DUFKLWHFWXUH LV FXUUHQWO\ RSHUDWLQJ +HUH
VRIWZDUH

DUWHIDFWV

DUH

PRVWO\

*8,RULHQWHG

DQG

VFDYHQJH

MRXUQDOV

0LFURVRIW·V

FRP

DQG

GHYHORSHU

FRPPLWWHH

PRQO\ LQYROYH FOLHQWVHUYHU GDWDEDVH DFFHVV 7KH FRP

SXEOLFDWLRQV

VXFK

FRQIHUHQFH

FRQIHUHQFHV

PHHWLQJV

DUH

DV

PDMRU

0LFURVRIW·V 6\VWHPV

SURFHHGLQJV

DQG

HYHQWV

20*·V
DQG

DQG

WHFKQLFDO

VRXUFHV

RI

LQIRUPDWLRQ

PXQLW\ RI DGRSWHUV LV DOVR PXFK PRUH GLYHUVH WKDQ WKDW
RI

VRIWZDUH

DUFKLWHFWXUH

DQG

LQFOXGHV

ZHOOHGXFDWHG

7KH GHVFULSWLRQV RI DUFKLWHFWXUDO

VRIWZDUH H[SHUWV DQG HQJLQHHUV DV ZHOO DV D ODUJH QXPEHU



RI DXWRGLGDFW RU OLWWOHHGXFDWHG SURJUDPPHUV DQG HYHQ D

>%&.@ S  HW VHTT EUHDWKH KHDYLO\ RI WKLV WKLQ DLU RI DEVWUDFWLRQ

VW\OHV

LQ >6*@ S  HW VHTT DQG

WD[RQRP\ DQG IXQGDPHQWDO SULQFLSOHV DQG PD\ EH FRQWUDVWHG WR WKH

ZHDOWK RI HQGXVHUV GDEEOLQJ LQ SURJUDPPLQJ

PXFK PRUH GRZQWRHDUWK FKDUDFWHU RI WKH

*HQHUDO

RXWORRN

GXFHUFRQVXPHU

JRDOV DQG RXWORRNV
VXHG

E\

DQ

)URP

GLIIHUHQW

FRPPXQLWLHV

RULJLQV

IROORZ

DQG

YHU\

LQ [%5066@

SUR

PHQW RI TXDOLW\ DWWULEXWHV

GLIIHUHQW

>%&.@ DQG

6RIWZDUH DUFKLWHFWXUH LV SULPDULO\ SXU

DFDGHPLF

UHVHDUFK

FRPPXQLW\

WKH

WLRQ

V\VWHPDWLVDWLRQ

² LQ

WKH

IRUPHU

ZRUN

WKHVH

DUH FORVHO\ UHODWHG WR FRQFUHWH DUFKLWHFWXUDO VROXWLRQV

WHFWXUH

DUH

LQ

ORRNHG

DOVR VKDUHV D

6RIWZDUH DUFKL

SUHRFFXSDWLRQ ZLWK WKH QRQWHFKQLFDO RUJDQLVD

WLRQDO LVVXHV RI SURJUDPPH GHYHORSPHQW ZLWK RWKHU EUDQFKHV RI WKH

PLQGVHW RI WKLV FRPPXQLW\ LV FKDUDFWHULVHG E\ D VWURQJ



DOVR NQRZQ DV QRQIXQFWLRQDO UHTXLUHPHQWV

[%5066@

XSRQ DV LQGHSHQGHQW DEVWUDFW SULQFLSOHV ZKHUHDV LQ WKH ODWWHU WKH\

SULPH

JRDO RI ZKLFK LV WKH SXEOLFDWLRQ RI UHVHDUFK UHVXOWV 7KH

DQG VDQJXLQH VFLHQWLVP

DUFKLWHFWXUDO SDWWHUQV JLYHQ

7KH VDPH YDULDQFH LQ RXWORRN VWLFNV RXW LQ WKH WUHDW

VRIWZDUH HQJLQHHULQJ WUHH

DQG D SUHGLOHFWLRQ IRU DEVWUDF

IXQGDPHQWDO

SULQFLSOHV

DQG



IRU

)RU H[DPSOH WKH ERLVWHURXV KXPDQFRPSXWHU LQWHUDFWLRQ RU GH

VLJQ SDWWHUQV FRPPXQLWLHV DUH PDUNHGO\ GLIIHUHQW LQ FKDUDFWHU



5HOHYDQW UHFHQW ZRUNVKRS SURFHHGLQJV LQFOXGH

>63&+0@ >0KO@ S  HW VHTT DQG
0XFK

RI

1LNODXV



2QH VWULNLQJ H[DPSOH RI WKLV LV >6KDZ@

WKH

GHYHORSPHQW RI

87

DFDGHPLF

:LUWK·V

JURXS

LQ

LQWHUHVW
=ULFK

&RPSRQHQW 3DVFDO

LQ

[%0@

FRPSRQHQWV

DQG

UHVHDUFKHUV

[/6@

>-HOO@

S  HW VHTT
HPDQDWHV
LQYROYHG

IRUPHUO\ NQRZQ DV 2EHURQ 

IURP
LQ

WKH

7HFKQRORJ\ EDVLV
DUFKLWHFWXUH VRIWZDUH FRPSRQHQWV
6RIWZDUH DUFKLWHFWXUH
7KH

HQYLURQPHQWV

DQG

GLIIHUHQW

DV

WHFKQLFDO

VRIWZDUH

ZKHUH

SKUDVH

RSHUDWH WHQG WR EH TXLWH

ZHOO

VHOGRP

LV

JHDUHG

HPEHGGHG

DWWHPSWV KDYH FKLHIO\ UHYROYHG DURXQG 20*·V &25%$

WRZDUGV

ELDVHV RI WKH VRIWZDUH HQJLQHHULQJ GRPDLQ EHWWHU WKDQ LWV
FRPSHWLWRUV $V WLPH JRHV RQ LW VHHPV SUREDEOH WKDW WKH

DQG YDULRXV UHDOWLPH RSHUDWLQJ V\VWHPV DQG

ODQJXDJHV VXFK DV

$GD &

&

RU

DUH W\SLFDOO\ LPSRU

WDQW SDUWV RI WKH SLFWXUH 7KH UHDOP RI
LV

ODUJHO\

WKDW

*8,

RI

EDVHG

ZHOO

$V

D

SODWIRUP

VRIWZDUH FRPSRQHQWV

FOLHQWVHUYHU

QRZDGD\V SRVVLEO\ VHDVRQHG ZLWK
DV

DQ

SHUVRQDO

,QWHUQHW

YHUVLRQ

JUDQWHG

RI

DUH

9LVXDO

PRUH

RU

OHVV

RU

RI

DQG

ZLGHQLQJ

RI

-DYD

DQG

:LQGRZV

HPEHGGHG

WKH

UDQJH

RI

&(

V\VWHPV
LQWHUHVW

LQWR

ZLOO

RI

DOO

NLQGV

FRQGXFH

WKHVH

RI

WR

D

LQWHJUDWLRQ

V\VWHPV

DWWHPSWV ,QGHHG VLQFH FRPSRQHQWEDVHG GHYHORSPHQW
LV DOUHDG\ WKH SUHGRPLQDQW SDUDGLJP RI SURJUDPPLQJ LQ

UXQQLQJ

WDNHQ

VRPH YHU\ ODUJH GRPDLQV DQG LV QRZ UDSLGO\ H[SDQGLQJ

IRU

LQWR RWKHUV LW LV SHFXOLDU WKDW WKLV LQWHUHVW KDV UHPDLQHG

9LVXDO %D

VW\OH ODQJXDJHV VXFK DV

LQILOWUDWLRQ
HTXLSPHQW

LQJUHGLHQW

FRPSXWHUV

:LQGRZV

5$'
VLF 'HOSKL 64/:LQGRZV 3RZHU%XLOGHU
VRPH

V\VWHPV

SUREDEO\ EHFDXVH &25%$ ILWV WKH WUDGLWLRQDO WHFKQRORJ\

V\VWHPV ZKHUH VSHFLDOLVHG KDUGZDUH SOD\V DQ LPSRUWDQW

81,;

QRW

7KHVH HDUO\

HQJLQHHULQJ

VRIWZDUH

RU

SDUW

V\VWHPV

FRPSRQHQWEDVHG

DUH

FRPSDUDWLYHO\ IDLQW ,Q DQ\ FDVH , EHOLHYH WKDW VRIWZDUH

SUHVHQWO\

DUFKLWHFWXUH

PXVW

LQWHJUDWH

VRIWZDUH

FRPSRQHQWV

ZLWK

SUHIHUUHG IRU PRVW EXVLQHVVRULHQWHG SURJUDPPLQJ SXU

LWV ERG\ RI NQRZOHGJH DQG WKHRU\ LQ RUGHU WR UHWDLQ LWV

SRVHV

LQGXVWULDO SURILOH DQG DWWUDFWLRQ DQG DYRLG EHLQJ UHGXFHG

&

DOWKRXJK

LV

VWLOO

YHU\

SRSXODU

PDLQO\

IRU

V\VWHPV SURJUDPPLQJ WHFKQLFDOO\ RULHQWHG GHYHORSPHQW

WR \HW DQRWKHU DFDGHPLF SDVWLPH

RU SURGXFW GHYHORSPHQW IRU WKH PDVV PDUNHW ZKHUHDV

-DYD

KDV EHFRPH WKH ODQJXDJH RI FKRLFH IRU

,QWHUQHW

6HFRQGO\ GRHV VRIWZDUH FRPSRQHQWV QHHG VRIWZDUH DUFKL

SUR



WHFWXUH"

JUDPPLQJ

3URMHFW VW\OH

0DQ\ RI WKH SRWHQWLDO ERRQV RI VRIWZDUH DUFKL

WHFWXUH DUH JHQHUDO LQ FKDUDFWHU DQG KDYH QHLWKHU PRUH
 7KH

SURMHFWV

PDLQO\

WKH FUHDWRUV DQG DGKHUHQWV RI

ERUQH

LQ

PLQG

VRIWZDUH DUFKLWHFWXUH

E\

QRU OHVV EHDULQJ RQ FRPSRQHQWRULHQWHG WKDQ RQ QRQ

ZLOO EH

FRPSRQHQWRULHQWHG

GHYHORSPHQW

,W

LV

IRU

H[DPSOH

WKH YHU\ ODUJH DQG ORQJUDQJLQJ RQHV LH WKH WUDGLWLRQDO

KDUG WR DUJXH DJDLQVW WKH XVHIXOQHVV RI DUFKLWHFWXUDO GH

GRPDLQ RI

VLJQ EH LW D FRPSRQHQWEDVHG RU D WUDGLWLRQDO PRQROLWK

VRIWZDUH HQJLQHHULQJ

DQG

VRIWZDUH UHXVH

7KLV LV LQ

5$'

FRQWUDVW WR WKH PRUH LQIRUPDO QRW WR VD\ FKDRWLF UDSLG

V\VWHP WKDW LV XQGHU

VROXWLRQ VW\OH RI W\SLFDO FRPSRQHQWEDVHG GHYHORSPHQW

SURJUDPPLQJ W\SLFDO RI FRPSRQHQWEDVHG GHYHORSPHQW

HIIRUWV ZKHUH GHYHORSPHQW WLPHV UHJXODUO\ DUH FRXQWHG

ZLOO KRZHYHU EH OHVV LQFOLQHG WR PHWLFXORXV DQDO\VLV DQG

LQ PRQWKV RU HYHQ ZHHNV RU GD\V

GHVLJQ ZRUN DQG PD\ RIWHQ DYRLG WKH SUREOHPV RI PHJD
SURMHFWRVLV
IRUWV

V. CONCLUSIONS
&DQ ELUGV RI D GLIIHUHQW IHDWKHU
FRPSRQHQWEDVHG
2U

PD\

VRIWZDUH

VRIWZDUH

IORFN

DUFKLWHFWXUH

FRPSRQHQWV

DQG

VRIWZDUH

DQ

WRJHWKHU"

LQFXPEHQW

VLPSO\

VKULQNLQJ

FRQVLGHUDWLRQ

E\

SURMHFW

XSRQ

VKRUWHQLQJ
VL]HV

7KH

WUDGLWLRQDO

PRQROLWKLF

GHYHORSPHQW

GRZQ

WR

WKH

VW\OH

WLPHV

OHYHO

RI

HI
DQG

RI

HDV\

,V

R[\PRURQ"

DUFKLWHFWXUH

EH

IHOLFLWRXVO\ FRPELQHG DQG LI VR ZKLFK DUH WKH SRWHQWLDO
VSRWV RI V\QHUJ\" :H ZLOO ORRN DW WKHVH TXHVWLRQV IURP
WZR DQJOHV

)LUVWO\

GRHV

QHQWV" 6RIWZDUH

VRIWZDUH DUFKLWHFWXUH QHHG VRIWZDUH FRPSR

FRPSRQHQWV

DUH

XQGRXEWHGO\



ZLQQLQJ

[%URZ@ FRQWDLQV D VHOHFWLRQ

RI VXFK SDSHUV DQG LQ

[/6@

JURXQG DSDFH FXUUHQWO\ DQG DUH UDSLGO\ SHUFRODWLQJ LQWR

WXUH WRJHWKHU DUH SUHVHQW &I DOVR >%&.@ S  HW VHTT

WKH GRPDLQV WKDW WUDGLWLRQDOO\ KDYH EHHQ WKH VWURQJKROGV

%DVHG 6RIWZDUH (QJLQHHULQJ LV WKH WLWOH RI WZR UHFHQW ERRNV

RI

D IHZ

RWKHU SDSHUV DWWHPSWLQJ WR OLQN FRPSRQHQWV DQG VRIWZDUH DUFKLWHF

&RPSRQHQW
[%URZ@

DQG >-HOO@

VRIWZDUH HQJLQHHULQJ DQG LWV VLEOLQJ GLVFLSOLQHV RI ZKLFK

VRIWZDUH DUFKLWHFWXUH LV RQH 7KH ILUVW VWHSV WRZDUGV DQ LQWH

 7R DQVZHU WKLV TXHVWLRQ ZH QHHG VRPH LQWXLWLRQV DERXW ZKDW WKH

JUDWLRQ RI WKLV QHZ WHFKQRORJ\ LQWR WKH UHDOPV RI VRIW

GRPDLQ RI VRIWZDUH DUFKLWHFWXUH LV )LUVWO\ WKHUH DUH D QXPEHU RI

ZDUH HQJLQHHULQJ KDYH DOUHDG\ EHHQ WDNHQ DV ZLWQHVVHG

FRUH HOHPHQWV LQFOXGLQJ DW OHDVW 

E\ D QXPEHU RI UHFHQW SDSHUV DQG WKH HPHUJHQFH RI WKH

PLVFHOODQHRXV QRWDWLRQV IRUPDO

LVPV DQG $UFKLWHFWXUH 'HILQLWLRQ /DQJXDJHV
DUFKLWHFWXUDO VW\OHV DQG 

$'/V  

D ´V\VWHPµ RI

D IHZ DUFKLWHFWXUDO GHVLJQ DQG UHYLHZ

PHWKRGV 6HFRQGO\ WKHUH DUH YDULRXV UHODWHG WHFKQRORJLHV WKDW KDYH
KRZHYHU PDLQO\ RULJLQDWHG DQG HYROYHG RXWVLGH WKH VRIWZDUH DUFKL
WHFWXUH FDPS 7KHVH LQFOXGH IRU H[DPSOH IUDPHZRUNV DUFKLWHFWXUH
SDWWHUQV DQG YDULRXV GRPDLQVSHFLILF VRIWZDUH DUFKLWHFWXUHV '66$V
DV WKH YHU\ WKHPH RI WKLV HVVD\ VRIWZDUH FRPSRQHQWV

88

DV ZHOO

PDQDJHDELOLW\



EH

LQWR

LQWHJUDWHG

$UFKLWHFWXUDO GHVLJQ VKRXOG LQ DQ\ FDVH
WKH

DQDO\VLV

DQG

GHVLJQ

PHWKRGV

$GGLWLRQDOO\

LQ

$'/V

FRPH

YHU\

FORVH

VSHFLILFDWLRQ ODQJXDJHV VXFK DV WKH

/DQJXDJH

XVH DQG QRW EH SXUVXHG LQ VSOHQGLG LVRODWLRQ

&'/

WR

FRPSRQHQW

&RPSRQHQW 'HILQLWLRQ

SURSRVHG IRU DGRSWLRQ ZLWKLQ WKH

2EMHFW

0DQDJHPHQW *URXS
)XUWKHUPRUH WKH XVH RI D

FRPPHUFLDO

FRPSRQHQW

WHFKQRORJ\ HQWDLOV LPSRUWDQW DUFKLWHFWXUDO GHFLVLRQV WKDW

:LOO RXU ELUGV RI D GLIIHUHQW IHDWKHU HYHQWXDOO\ IORFN

QHHG WR EH FRUUHFWO\ XQGHUVWRRG DQG REVHUYHG IRU VRIW

WRJHWKHU" $V LQGLFDWHG E\ WKH DERYH DGXPEUDWLRQ LW LV

ZDUH DUFKLWHFWXUH WR EHFRPH XVHIXO ZLWKLQ WKH FRQWH[W RI

UHDVRQDEOH

WKLV WHFKQRORJ\ :KDW LV QHHGHG LQ DGGLWLRQ WR WRGD\·V

PXVW

JHQHUDO DFFRXQWV RI VRIWZDUH DUFKLWHFWXUH LV , EHOLHYH D

FRQVLGHUDEOH

VHW

PRWOH\ IORFN WKDW ZLOO UHVXOW DQG WKDW VRPH PRXOWLQJ PD\

RI

VSHFLDOLVHG

VRIWZDUH

DUFKLWHFWXUH

´FRRNERRNVµ

HDFK JHDUHG WRZDUGV D SDUWLFXODU FRPSRQHQW WHFKQRORJ\
VXFK

DV

SRSXODU
GHVLJQV

&20$FWLYH;
SDWWHUQ
ZLOO

VW\OH

SURYLGH

HIIRUWV DOWKRXJK
YDOXDEOH DV ZHOO

RI
DQ

RWKHU



-DYD

%HDQV

GHVFULELQJ
H[FHOOHQW

NLQGV RI

RU

&25%$

GHVFULSWLRQV

RQH

WKDW

PLJKW

SHFNLQJ

ZLOO

WKH\

LQGHHG

EH

LQFOLQHG

WDNH

SODFH

ERWK
WR

ZLOO

DQG

SUHGLFW

WKDW

ZLWKLQ

WKH

YHU\

EH QHHGHG LQ RUGHU WR KDUPRQLVH LWV GLVSDUDWH PHPEHUV

IRU

DQG

ACKNOWLEDGEMENTS

VXFK

PLJKW

EH

7KLV

7KLV GRHV QRW LPSO\ WKDW DUFKLWHFWXUDO

UHVHDUFK

VWLIWHOVHQ DQG +HOJH

XQGHUWDNLQJV ZLWK D OHVV SUHFLVH VFRSH DUH XVHOHVV RQ WKH

KDV

EHHQ

$[VRQ

VSRQVRUHG

-RKQVRQV

VWLIWHOVH

E\
,

&UDIRRUGVND
DP

DOVR LQ

GHEWHG WR 'U %UDG &R[ ZKR NLQGO\ KDV SURYLGHG PH

FRQWUDU\ WKHVH DUH QHHGHG WR JHW DQ RYHUYLHZ RI WKH RS
WLRQV DW KDQG DQG DV VRXUFHV RI LQVSLUDWLRQ

EHOLHYH

7KH

DUFKLWHFWXUHV

IUDPHZRUN

WR

DOWKRXJK

ZLWK VRPH XVHIXO KLQWV DQG WR 0DJQXV %UREHUJ $QGHUV



,YH DQG 0LFKDHO 0DWWVVRQ ZKR DOO UHDG DQ HDUO\ YHUVLRQ
RI WKLV HVVD\ DQG EHVWRZHG YDULRXV YDOXDEOH FRPPHQWV

$SDUW

IURP

WKH

RYHUULGLQJ

FRQVLGHUDWLRQV

SXW

IRU

XSRQ PH

ZDUG DERYH WKHUH DUH VRPH PRUH VSHFLILF SRLQWV ZKHUH

VRIWZDUH FRPSRQHQWV

VRIWZDUH DUFKLWHF

PD\ WDNH DGYDQWDJH RI

WXUH FRQFHSWV DQG LGHDV 7KH QRWLRQ SUHVHQW LQ
$UFKLWHFWXUH 'HILQLWLRQ /DQJXDJHV
D

SOXJDQGVRFNHW

DUFKLWHFWXUH

E\

D

ZKHUH

FRPSRQHQW

QRW

EXW

DOVR

RQO\
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