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About the Cover

THE ARCHITECT'S DREAM, THOMAS COLE; 1840

In The Architect’s Dream, Thomas Cole paintéd a vision of the history of Western civiliza-
tion'as a succession of buildings through time and space. A massive Egyptian pyramid and
temple, Roman aqueduct, and Greek and Roman temples demonstrate his knowledge of
architectural history; likely taken from architectural pattern books given to the artist as
partial payment for the commission, showing the range of forms that inspired 19%-century
architects.-Geographical and historical contrasts separate the right and-left sides of the
" composition. Tall trees mirror the cathedral’s steeple, pointing towards Heaven, indicating
the inspiration of nature in the architectural form of the church. A sacred place in harmony
with nature and God, the shaded church contrasts.with the towering classical structures
that appear artificial and warn against fleeting power. Insplred by Salisbury Cathedral and
Chapter House in England, the cathedral suggests the 19th -century Gothic architectural
revival in America. Symmetrical capitals frame the sides of the canvas, their forms taken
from Salisbury Chapter House, creating a Gothic window. We gaze through the theatrical
window, to behind the cathedral spire, where the setting sun ‘shines brilliant light through
the windows, creating the impression of stained glass, and evoking divine light. Colé’s
youth and travels in England may have contributed to a sense of national pride that influ-
enced his reference to an English Gothic cathedral, an architectural style from shared
American and English history, thereby extending American history back in time. With his
face turned towards the radiarit light emanating through the ¢athedral steeple; the archi-
tect reclines on gigantic pattern books; the catalyst of thisVision of creative imagination:
By including architectural ‘tools, books, and plans:alongside the dreaming architect, the
artist indicates the importance of engineering and design in growing American commerce,
elevating the artist and architect's roles. The extraordinary variety’ and endurmg beauty
of Thomas Cole’s painting celebrates human creativity. ;

. The .painting provides an apt illustration for-a textbook on software archltecture
Many contemporary software systems have designs that draw heavily from the designs of
prior applications: Others take fresh inspiration fromsocial systemsior-nature. Just as Cole’s
architect is surrounded by'past structures; books; and plans, so the skilled software architect
has existing systems and, importantly, a vast store of styles, techniques, processes, and tools
from which to choose when confrontmg a design challenge. ;
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Preface

Software architecture is the\oenterplece of modern system development The goal of
architecture-centric developme\'s is the effective, efficient, competitive development of
software products. The activities of\dwglopment are anchored in the architecture. The
goal of this text-is to provide both student and professional a compreheénsive treatment
of architecture-centric development, instructing how to develop products and serving as
a reference for the panoply of techniques; modeling notations, standards, and methods
comprising the approach.

The text is intended for upper-division undergraduate and graduate courses in software
architecture; software design; component-based software engineering, and distributed sys-
tems; the text'may also be used in introductory as well as advanced software engineering
courses. The targeted courses can be of different lengths, from a single ten-week quarter, to
a fifteen-week semester, to 4 two-semester sequence. Both the breadth'and depth of topics
covered will vary depending on the exact nature of the course. Specific recommendations
for instructors are provided below.

With such an ambitious goal, the text is extensive and may be approached in different
ways. In this preface we guide the reader in the use of the book: Hence we briefly present
« here: :

« The general view of software architecture taken by the book.

« The scope of the book.

o The mtended audiences.

~ o Our assumptions regarding the technical maturlty/background of the professmnals and
students who will use the book.

. Thoughts regardmg selection of materials for use in the classroom, and by professionals,
including systems engmeers, software architects, and managers of software systems
development.

» How instruction in the material may be supported by tools.

'« A summary of each chapter.

SOFI'WARE ARCHITECT URE

The textadopts a particular definition of software architecture: the set.of prmc1pal design
decisions governing a system. This definition is broad and stakeholder-centric. Nonethe-
less, a‘decidedly technical view of software architecture pervadesthe book: We believe
that software architecture must help-developers create real implemented systems. Soft-
ware architecture withoutatie to implementation, deployment, and long-term adaptation
misses its potential by-a wide mark and risks being irrelevant busywork; tolerated perhaps,
but not treasured: ;

The comprehensive character of software archltecture as presented in the text makes
it, in our estimation; the central focus of software engineering. The text attempts to show

Sony
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PREFPALCE

architecture’s critical role in software engineering, yet the text does not attempt.to-be
a general software engineering reference. There are, for example, many important parts
of software engineering not treated at all, such as source-code testing strategies, general
project management, and development environments.

THE SCOPE OF THE BOOK

This book is characterized by breadth. Rather than focus on one method, notation, tool,
or process, the book attempts to widely survey software development from an architectural
perspective, putting many of these elements in context, comparing and contrasting them
with one another. A reader should expect to gain a broad appreciation for the role of software
architecture across the wide variety of activities that characterize the development of large,
software-intensive systems.

Our assumption is that readers seek fundamental insights and knowledge to supplement
their own experience, ratherthan canned solutions to specific problems (those, if they do
exist, can most likely be found elsewhere). The text therefore focuses on overarching
principles, general strategies, and broadly applicable techniques. It illustrates them with
many specific examples from various domains. The text does not advocate a single approach
and it is not a manual or advertisement for one—even the authors’ own.

Audiences

The book attempts to address the needs of several audiences. -

The instructor audience is supported by a detailed treatment of a broad spectrum of
software architecture-related topics, from which different subsets can be selected for use
in courses with specific foci. An instructor will be able to tailor the material provided
in the book to both the length and the objective of a course. To date, the authors have
used this text in five quarter-long (ten-week) courses and two semester-long (fifteen-week)
courses, at both the undergraduate and graduate levels. The courses have focused on soft-
ware engineering, software architecture, software design, software interoperability, and
distributed systems. Both semester-long courses have used the entire text, while the quarter-
long courses have relied on different selections of the chapters. "The instructor using the
text will be able to rely on a comprehensive set of lecture slides, solutions to end-of-chapter
exercises, sample exams with solutions, and a tool suite that will be described below.

The student audience is supported with a presentation that is comprehensive, making
relatively few assumptions about background knowledge and experience. We do assume

" that the student is generally familiar with the most hasic elements of software engineering

and programming. The order of the text and the way the material is presented makes
the student the primary audience of the book—the other audiences will plck and choose
material from various parts of the text.

The professional audience is supported with, for example, comprehenswe treatment of
the major modeling techniques, architectural description standards, and the way they are
directly tied to the implementation of software products. Our perspective isnot.confined to
some presumed ivory tower: The standards and notations include commercial, government,
and research products. The text also attempts to provide, in the majority of chapters, specific
guidance on how to achieve various goals, such as how to design to achieve specific system
properties. References-and examples draw from'a wide range of ‘industrial experience.
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Professionals should expect to encounter realistic and frank assessments of the techniques,
notations, and tools with which they are already familiar, while also being exposed to
projects and approaches that provide valuable insights but are nonetheless not well-known
in practitioners’ circles.

The systems engineer will find that this book’s perspective, while still focused on soft-
ware, has implications that are quite a bit broader. Insights in this book will enable better
understanding of the’unique issues involved in the development of large software systems.
Many:of the insights, however, are applicable to systems development in general: Insights,
notations, and methods from the systems engineering and systems architecture community
are not ignored, and this book explores overlap between systems and software engineering
throughout.

The systems and/or software development manager will find substantial material here
that'addresses the way in which architecture-centric development can shape and improve
processes and organizations, espemally with regard tothe development of product families.

ASSUMPTIONS AND BACKGROUND

Depending on: the sections of the book used for reference or in class, the necessary back-
ground varies. As a whole, however, the book assumes familiarity with the basics of software
development.. This:includes. the core ideas of software development activities and pro-
cesses, notions of requirements, design, programming, and analysis and testing. The level
of maturity required is, in some sense, only what would be acquired in a single, quarter-
or semester-long introduction to software development/engineering. ‘Appreciation for the
problems of large-scale development is'very useful. Proficiency in any particular program-
ming language, development enviroriment, or modeling tool such as UML is not required.

Additional experience will likely' make- it possible for certain readers to develop a
deeper understanding'and appreciation of specific topics. For example, the implementation
chapter will be of most value to those with substantive training and experience in program-
ming. Similarly, appreciating the discussion of deployment or product lines demands some
level of understanding of how commercial development and product-and-revenue focused
businesses work. However, none of the chapters presuppose an extensive background in
the area on which they focus.

\

HOW THE BOOK CAN BE USED

The text is desngned to be used as a textbook in formal classroom settings, both at the
undergraduate and graduate levels. It can also be used as a reference for systems engineers,
software architects, managers, and programmers. Chapters 1 through 5 present the critical
concepts of software architecture. Chapter 5 also bridges to the next section, the nuts and
bolts of applymg the concepts, which encompasses Chapters 6 through 10. Chapters 11
through 17 treat assoc1ated issues: topics that may be critical in one development context,
but not in another. -

Classroom Usage

There is adequate material in the book for a year-long class at the master’s degree level.
The presentation does not presuppose that thisis the normative case however. The authors
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have used material from the book in quarter-long and semester-long courses, including, as
a primary text, an undergraduate software engineering course and a graduate software
engineering course. The book, in its preprint form, has also been used at several other uni-
versities, including Drexel University, Southern Methodist University, Seattle University,
and the University of Zurich.

Clearly, material has to be chosen based upon the level of the instruction and the length
of the class. Nonetheless, a few comments are in order. The concepts section—Chapters
1 through 5—is essential to use of the book. The material in the subsequent chapters
depends on these core concepts. How long it will take to cover those initial chapters,
however, will vary significantly. The first chapter, for instance, will be a very quick read for
the experienced. Similarly, Chapter 2 will be relatively quick for those with experience in
software engineering, but will take a bit longer in an undergraduate class that has minimal
prerequisites. Chapter 4 is a long chapter, but it covers a single, critical topic: how to go
about designing a system. This chapter may thus be a major focus over many class sessions,
especially for those with little training or experience in design.

Selection of materials from Chapters 6 through 10 will depend upon the level of the
class, the course objectives, and the length of the class. The authors recommend a shallow
treatment of all of them over a deep look at any individual chapters, but this is up to the
instructor.

Several suggested pathways through the book, depending on course type and length,
are as follows:

o A fifteen-week software architecture course—Chapters 1 through 17

o A ten-week software architecture course—Chapters 1 through 9, 11, 12, and 15

o A ten-week distributed systems course—Chapters 1 through 6, 7 through 15, and 17
o A fifteen-week software engineering course—Chapters 1 through 15 and 17

o A ten-week software engineering courses—Chapters 1 through 6, 8, 9, 11, and 12

If the book is used as a primary text for a software engineering course, the instructor
may want to.supplement it with material covering topics such as software testing, OO
design patterns, software engineering economics, and project management. The book ¢an
also be used as a companion text in a software analysis and quality assurance course; the
relevant chapters would be Chapters 8, 12, 13 and 14.

A key issue the instructor will have to deal with is use of the exercises. Each chapter
has a number of exercises listed. Software architecture is'not a topiclike-algebra where
numerous simple questions can be posed and the answers given in the back of the book.
Software architecture concerns itself with design, with complex systems, and with long-
lived products. Hence it is difficult to pose exercises that fit nicely into the constraints
of a modern college class. Many of the exercises included in the text could be assigned
as mini-projects. The instructor will thus have to tailor the scope of the assignments and
provide guidance to the students regarding the level of detail expected in thé answers.
Assessing the answers similarly will require thought and discretion.

Use by Professionals 1\1 ‘

The authors have tried to include substantial material to make the book a superior ref-
erence for the professional. A theme running through the entire book is software reuse

and, more generally, reuse of corporate and-domain knowledge. Similarly, there is explicit
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reliance in the presented techniques on the use of frameworks to help-achieve rapid system
implementation. A wide range of modeling notations is discussed, and a complete chapter
on standards is included to provide a thoughtful basis for choosing a notation or‘approach
fora project. Similarly, the discussion of designing for non-functional propertiesis targeted
at providing proven techniques capable of addressing these difficult issues. Chapter 4 on
designing similarly will be useful as a reference to the professional. Without being a hand-
book of field techniques, it nevertheless presents a wide range of architectural styles.and
design techniques, with the styles summarized individually and in a comparison table to
aid the professional in choosing the right technique for the job'at hand.

Tool Support

Use of the book in the classroom or by professionals in practice does not require the use
of any particular tool or programming language. Clearly, however, the subject is designing
and building applications—products—and that only happens effectively in the presence
of good tools. The professional-may be constrained by the choice of the modeling notation
required in a particular development.context. If AADL, for example, is mandated as the
architecture description language for a project, then the die is cast.

For those contexts where external constraints do not dictate, the instructor or reader
is encouraged to use technologies that not only help model an architecture, but build
implementations based upon those models. If modeling alone is supported, then the value
- of a'tool over a simple boxes- and-arrows drawing tool rests upon the value obtained from
analyses that can be performed on the model. If building real products is the goal, thena
tool suite that addresses the full range of developers’ needs is required.

To this latter end :we encourage the book’s users to use the ArchStudio tool suite,
as it has been developed for this purpose. The tool can benefit faculty, students, and
even professionals using this text. The tool is free, is integrated with the Eclipse devel-
opment environment, and has been used in the classroom and in industry. A community
of developers and users has formed around this project, with dozens of prOJECtS around
the world using and contributing. Further details can be found on the project’s Web site:
WWW. ist.uci. edu/prolects/archstudlo/

Chapter Summaries

Chapter 1: The Big Idea

The chapter introduces software architecture through discussion of three primary examples
of its application: in the very large (the architecture of the World Wide Web), in the very
small (pipe-and-filter on the desktop), and in the product/in the many (the Philips/Koala
archltecture for consumer electromcs)

Chapter 2: Architectures in Context: The Reorientation

of Software Engineering :

The role of software architecture in the major activities of software engineering is explored,
including application conception, design, implementation, and analysis. An architecture-
centric perspective on development is presented.

Chapter 3: Basic:Concepts :
Definitions of the key terms and concepts are presented. The definitions build from the
examples in the preceding chapters and form the foundation for the subsequent chapters.

Sony

Xix

Exhibit 1018 Page 21

Sony v. Quantum  IPR2023-00954



PREFACE

Chapter 4: Designing Architectures

The concepts of the preceding chapters are made productive in this one. This chap-
ter presents, at length, techniques and approaches for designing applications from an
architecture-centric perspective. The central focus is on the ways in which refined experi-
ence may be used to guide new developments.

Chapter 5: Connectors

Connectors play a distinguished role in architecture-centric development. They are also,
perhaps, the most unfamiliar concept to those unskilled in the art of system design. This
chapter reveals the breadth and depth of the concept, and includes an extensive guide to
the numerous techniques available.

Chapter 6: Modeling
This chapter surveys an extensive range of modeling notations used for capturing the de51gn
decisions that make up architecture. Notations from research and practice are examined,
and the distinctive aspects of each notation are called out. A consistent running example
application is used throughout the chapter to demonstrate each notation.

i

Chapter 7: Visualization

This chapter draws a distinction between how architectures are modeled—the syntax
and semantics of how design decisions are documented—from how they are visualized.
Visualization encompasses both depiction—how design decisions are presented—and
interaction—the “user interface” through which stakeholders interact with those depic-
tions. Various visualization approaches are surveyed and compared, along with techniques
for constructing and integrating new visualizations.

Chapter 8: Analysis

One of the primary benefits of software architecture is that it can enable early assessment
of a given system, before significant resources are invested in the system’s implementation
and deployment. This chapter provides a broad overview of the vatious analysis techniques
that can be applied at the architectural level, their strengths, and limitations.

Chapter 9: Implementation

This chapter describes the problem of moving from architectural design decisions to
implementation artifacts. Special attention is paid to the use of architecture implementation
frameworks, special-purpose middleware that bridges the gap between architectural styles
and existing platform services. Two complete implemented applications in alternative
frameworks are presented with commentary.

Chapter 10: Deployment and Mobility

This chapter addresses deployment and mobility, two related topics that have become
important in contemporary distributed, embedded, and pervasive systems. The objec-
tive of the chapter is not to provide a complete treatment of these two topics, but
rather to isolate and focus on their characteristics from an explicit software architectural
perspective.
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Chapter 11: Applied Architectures and Styles

Several examples from “the practice” are explored, showing how various of the ideas in the
preceding chapters have been applied to solve deep and commercially important problems.
The architectures of the World Wide Web, Napster, Gnutella, Skype, BitTorrent, robotics
systems, Google, and Akamai are discussed. The pedagogical goal is showing how multiple
simple architectural approaches can effectively be combined.

Chapter 12: Designing for Non-Functiona! Properties

This chapter selects a set of non-functional properties that are frequently required of large
and complex software systems: efficiency, complexity, scalability, adaptability, and depend-
ability. The role of software architecture in achieving the desired level of each property is
discussed, and many specific architectural design guidelines are provided and discussed.

Chapter 13: Security and Trust

Architecture-based techniques are presented for coping with security and trust needs in
application system design. After ‘a general introduction to security issues, attention is
focused on architecture-based access control and reputation-based trust systems.

Chapter 14: Architectural Adaptation

The theme of this chapter is use of an architectural model to guide long-term system
adaptation. A comprehénsive conceptual framework for adaptation is presented, followed
by consideration of numerous specific techniques for effecting adaptation and for designing
applications to be accommodating of post-release adaptation.

Chapter 15: Domain-Specific Software Engineering
Architecture-centric-development is perhaps most valuable when applied in the con-
text of a specific domain, where reuse of hard-won engineering knowledge and principles
can substantially reduce the amount of effort, cost, and risk involved in system devel-
opment. This chapter surveys a variety of techniques for applying architecture-centric
development within a domam, and ends with an’ extensive treatment of product—lme
architectures. '

Chapter 16: Standards

A practicing architect or system developer is faced with a panoply of de facto and de
jure ‘standards—IEEE 1471, UML, SysML, DoDAF, RM-ODP, and so on. The' chapter
opens with a discussion of standards, how they are created and evolved, and how they
can add value to-development efforts: The remainder of the chapter surveys the most
influential standards and attempts to put them in perspectlve, ldentlfymg their strengths
and weaknesses exphcu:ly ’

Chapter 17: People, »Roles, and Teams

An effective architect may need to possess many different skills; beyond just being a good
software designer. An architect is an integral part of a larger organization, and may be one of
several architects working on a project. The context within which software architects oper-
ate, and therefore their job description, can get quite complex. This chapter overviews the
various roles software architects may play in a project and, more broadly, an organization:
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The Big Idea

The study of software architecture is the study of how software systems are designed
and built. A system’s architecture is the set of principal design decisions made during
its development and any subsequent evolution. As a subject, architecture is the proper
‘primary focus of software engineering, for the production of hlgh—quahty, successful
products is dependent upon those principal decisions.

An architecture-centric approach to software development places an emphasis on
design that pervades the activity from the very beginning. Design quality correlates well
with software quality—it would be extremely unusual to find a high-quality software
system with a poor design. The practice of architecture-centric development can also
enable the creation of cost-effective families-of software products that can dominate an
application sectorover an extended period of time. Good design practices can leverage
the lessons of experience and provide strategies for effectively meetmg a'wide range of
needs. ,
: : /
This chapter introduces the central ideas of software architecture. It does so by first
exploring the analogy between the architecture of buildings and the architecture of
 software. Software architecture, and the power that comes from making it the cen-
terpiece of system development, is then illustrated three ways. First, the architectural
ideas underpinning the World Wide Web are explored—software architecture “in the
very large.” Second, the ideas are explored on the desktop—software architecture in
the small. Third, the central role of architectures in enabling successful product fami-
lies is explored, using consumer electronics as the application domain. We dehberately
omit most techmcal details, seeking rather to instill a sense of “the big 1dea
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CHAPTER 1 THE BIG 1DEA

Outline of
Chapter 1

1.1 THE POWER OF ANALOGY: THE ARCHITECTURE OF BUILDINGS

The discipline of architecture, that is, the design and construction of buildings, offers
a rich base of concepts from which software architecture, and more generally, software
engineering has drawn. The analogy between the design and construction of buildings and
the design and construction of software is strong and readily apprehended, since we all
have substantial experience in living in and around buildings and in seeing them built.

Software engineering textbooks typically use this analogy to motivate the phases
of the traditional software life cycle. In a highly simplified and idealized conception of
architecture, requirements for a building are collected, a design is created to satisfy those
requirements, the design is refined to yield elaborate blueprints, construction is based on
the blueprints, and the resulting structure is then occupied and used. So, notionally, in the
software domain, requirements are specified, a high-level design is created, detailed algo-
rithms are developed based upon that design, code is written to implement the algorithms,
and finally the system is deployed and used.

The idealized summary above of how buildings come to be is almost trivial, but offers
several insights reflected in the software domain. For instance, the architectural process
has as its focus the satisfaction of the future occupant’s needs. It allows for specialization
of labor: The designer of the structure need not be the contractor who performs the actual
construction. The process has many intermediate points where plans and progress may
be reviewed. Thus there is the corresponding simplistic view of software development:
Specification of a system’s requirements precedes its design; that design is created by spe-
cialists, not by the ultimate users of a system. Actual programming may be contracted out,
even sent offshore. Prototypes and mock-ups created at various points during development
enable the customer to periodically assess whether the emerging system will indeed meet
identified needs. ‘

A more serious consideration of architecture, however, reveals deeper insights. First
and perhaps foremost is the very conception of a building having an architecture, where
that architecture is a concept separate from, but inextricably linked to, the physical struc-
ture itself. A building’s architecture, that is, its major elements, their composition, and
arrangement, can be described, discussed, and compared with those of other buildings.
The architecture that was in the mind of the architect early in the development process
can be compared with the architecture of whatever physical structure emerged from the
construction process. So, too, as we will shortly describe, the principal design decisions
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1.1 THEPOWER OF ANALOGY: THE ARCHITECTURE OF BUILDINGS 3

characterizing a software application—that is, its architecture—exist independently from,
but linked to, the code that ostensibly implements that architecture.

Practice and
Theory

A second insight is that properties of structures are induced by the design of their
architectures. For instance, a medieval castle with high, thick walls and narrow or nonex-
istent windows is designed that way so that it has excellent defensive properties (as long
as artackers are armed only with swords and arrows). So, too, as we will see, properties of
software applications, such as resilience in the face of particular types of security attacks,
are determined by the design of their architectures.

Strength,
Utility, and
Beauly: The
Qualities
(btained
from Good
Architecture

A third insight is tecognition of the distinctive role and character of an architect, the
person responsible for the creation of the architecture. The discipline of architecture has
long recognized that architects require very broad training. While competence in aspects
of ‘éngineering is necessary, much more than that is required. A fine sense of aesthetics
and a deep understanding of how people work, play, eat; and live are essential in creating
buildings that are enjoyed, satisfy their occupants, and perform effectively over the seasons
and through the yeats. In‘a like maniner, simple skill in’ programming is riot sufficient for
the creation of complex software applications that people can effectively employ.

Vitruvius on
Qualifications
of an
Architect
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A fourth insight is that process is not as important as architecture. &This is not to say
that process is unimportant. On the contrary, architects and construction companies clearly
follow and depend upon standard processes to guide their daily activities and ensure that all
aspects of the design and build activities are addressed. But there is never any question that
the product—ihe architecture—is the central focus. Simply following a standard process
will not guarantee that a successful building will emerge, meeting the needs of its owners and
occupants. The architects and engineers responsible for the structure must keep its design
and qualities at the forefront; process is present to serve those ends, not to be an end in itself.

A fifth insight is that architecture has matured over the years into a discipline: A body
of knowledge exists about how to create a wide range of buildings to meet many types of
needs. It is not simply a discipline of basic principles and generic development processes,
however. If every building had to be designed from first principles and the properties of
materials had to be rediscovered for each new project, then most of us would be wet and
shivering with the sky for our roof.

The discipline of architectural engineering has captured the experiences and lessons
of previous generations so that the process of designing, for instance, a new suburban home
is much like the process of designing a thousand other homes. This is not to say that the
homes are identical; rather, within the broad concept of “suburban home” some basics
are established and points of allowable variation are known. Where there is commonality
between two homes, great efficiencies can be realized through reuse of knowledge, reuse of
subsystem design, reuse of tools, and the benefits that come from standardized materials,
parts, and sizes. While anyone who has ever endeavored to build a custom home would
certainly dispute that the process is efficient compared to the activity of designing from a
truly clean slate, the craft works very well. So, too, as the ensuing chapters of this book will
demonstrate, software architecture is quickly maturing into a robust discipline, leveraging
the knowledge gained through a myriad of system development experiences.

One fundamental way in which the experiences and lessons from previous generations
of architects and building-dwellers has been captured is summed up in the notion of archi-
tectural styles—an insight that has powerful application in the domain of software. The
phrases “Roman villa,” “Gothic cathedral,” “ranch-style tract home,” “Swiss chalet,” and
“New York skyscraper” each characterize types of buildings that have various features in
common. Ranch-style tract homes, for instance, are single-story residences with low roofs;
Swiss chalets are usually two to four stories, traditionally made of timber, have steep roofs,

- and large sheltered balconies. New York skyscrapers have many dozens of stories, have steel
frames, make superb use of small footprint building areas, and offer hundreds of thousands
of square meters of floor space. Roman villas suit a Mediterranean climate, and so-on.

The development of an architectural style over time reflects the knowledge and experi-
ence gained by the builders and occupants as they try to meet a common set of requirements
and accommodate the constraints of the local topography, weather, available building mate-
rials, tools, and labor. Ranch-style houses, such as those prevalent in Southern California,
can be inexpensively built if lumber for framing is readily available, function very well in
earthquake-prone areas, and are excellent for individuals who cannot climb stairs. Swiss
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chalets work well in areas with heavy snowfall, with the steep roofs assisting in minimizing
the structural load caused by the snow. Therefore an approach that works well for providing
homes in Southern California is not necessarily going to be appropriate for providing homes
in Switzerland, or vice versa. But within Southern California a wide variety of site-suitable
houses can be successfully built in a cost-effective manner by those architects skilled in the
local idioms and materials.

One way archltectural styles can be summed up is as a set of constraints—constraints
put upon development in order to elicit particular desirable qualities. For example, the
Swiss chalet style has a constraint that the roofs have steep slopes; the quality elicited
is that chalets tend to do well in areas of heavy snowfall. The suburban ranch style has
a constraint that commodity components be used; the quality being that the houses are
cheaper to build and easier to fix than custom homes. The Gothic style constrains one to
building with stone, stained glass, and high fluted vaults; the qualities elicited are that the
buildings are long-lived, mstructlonal and inspirational.

Characterized in more constructive termns, styles offer the architect a wide range of
solutions, techniques, and palettes of compatible materials, colors, and sizes. Rather than
spending a large amount of time searching through an unbounded space of altematives,
by working within a style an architect can spend that same amount of time réfining,
customizing, and pperfecting a particular design.

The concept of architectural styles carries over very powerfully into the domain of soft-
ware. As we will illustrate in the remainder of this chapter and then throughout the book,
styles are essential tools for architects to master, for they are a major point of intellectual
leverage in the task of creating complex software systems.

1.1.1 Limitations of the Analogy

Before pressing on to the detailed consideration of architectures, styles, and their use in
software systems development, a few cautionary words are in order with regard to the use
of the analogy to building architectures. As with any analogy, it has limitations.

_ First, we know a lot about buildings, That is, since birth we all have experienced and
learned about buildings. As a result, we have a well-developed intuition as to what kinds of
buildings can and cannot be built, and what is appropriate for a given need and situation.
Our intuitions for software are not nearly so well-developed and hence we must be more
methodical and more analytical in our approach.

Second, the essential nature of the software medium is fundamentally different from
the materials and media of building architecture. You can discern much of a building’s
architecture just by looking at it. With software the problem is much more difficult. Software

Vitruvius on
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is intrinsically intangible; at core it is an abstract entity and we only work with various
representations of it. This implies that software is more difficult to measure and analyze,
making it more difficult to evaluate the various qualities of designs and measure progress
towards completion.

Third, software is more malleable than physical building materials, offering the possi-
bility of types of change unthinkable in a physical domain. The building analogy is thus
a poor source of ideas for dealing with change, since buildings accommodate change with
difficulty!.

There are additional problems with the analogy:

« There is no software construction industry in the same degree that there is for
buildings. The building industry has substantial substructure, reflecting numerous
specializations, skill sets, training paths, corporate organizations, standards bodies,
and regulations. While the software industry has some structure, including that seen
in offshore development practices, it is much less differentiated than the bu1ldmg
industry.

The discipline of architecture does not have anything akin to the issue of deployment
as found in software: Software is built one place, but deployed for use in many-places,
often with specialization and localization. Manufactured buildings, otherwise known
as trailers, are somewhat similar, but still there is no corresponding notion to dynamic
distributed, mobile architectures, as there is. with software.

.

Software is a machine; buildings are not (notwithsranding Le Corbusier’s declaration
that, “A house is a machine for living in”). The dynamic character of software—the
observation that led to Edsger Dijkstra’s famous “goto statement considered harmful”
paper (Dijkstra 1968), provides a profoundly difficult challenge to designers, for which
there is no counterpart in building design.

Despite these limitations—and others—the analogy between the architecture of build-
ings and software is strong and instructive. The focus on architecture is critical in the
design of buildings; such a focus is similarly powerful for software. Subsequent sections of
this chapter will demonstrate this in the large, in the small, and in the crucible of industry.
Before considering these examples, however, we summarize our main themes in the next
section.

1.1.2 So, What's the Big Idea?

The bigidea is that software architecture must be at the very heart of software systems design
and development. It must be in the foreground, more than process, more than analysis, and
certainly more than programming. Only by giving adequate attention and prominence to
the architecture of a software system, over its entire lifespan, can that system’s development
and long-term evolution be effective or efficient in any meaningful sense. Indeed, we will see
that for any application of significant size or complexity, its architecture must be considered
in advance, just as the successful creation of a large building requires consideration of its
architecture in advance of construction.

I'This topic will be explored in more detail in Chapter 14. See also (Brand, 1994). '
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Furthermore, the insights presented above about architecture, architects, and espe-
cially, architectural styles offer substantial intellectual leverage in the creation of software
systems, but demand careful study, good tools, and disciplined use to yield their substantlal
potential benefits. ~

Giving preeminence toarchitecture offers the: potent1a1 for reahzmg

o Intellectual control

« Conceptual integrity

+ Anadequate and effective basis for reuse—of knowledge, experience, designs, and code
» Effective project communication

+ Management of a set of related variant systems

Note the phrase above about directing attention and prommence to the-architecture of a
software system, over its entire lifespan.” A limited-term focus on software architecture will
not yield significant benefits. Just as the concept of architecture, or the involvement of an
architect, in a building project is no guarantee that a successful building will be created,
so it is for software. Shortcomings in the construction process—whether of buildings or
of software—can cause'the built system to deviate from its intended architecture, possibly
with disastrous consequences. Such shortcomings can be avoided, however, and we will
discuss techniques specifically intended to ensure that the implemented system is, and
remains, faithful to its intended architecture.

Finally, note that by saying adequate attention must be given to a software system’s
architecture we are not advocating the creation of something wholly new: All software
systems have an architecture. Just as every building has an architecture and at least one
architect, so does software. Simply stating that a building or a program has an architecture
or an architect does not imply much. There are good architectures, bad architectures,
elegant ones, and curious ones. So it is with software. An application’s structure may be
elegant and effective or clumsy and dysfuncttonal Our objective in the coming pages is
to give the reader the skills necessary to ensure that applications have good, elegant, and
effective architectiires; The following sections proceed by considering some outstandmg
examples of the dlsc1plme of software archxtecture well apphed

1.2 THE POWER AND NECESSITY OF BIG IDEAS THE ARCHITECTURE
OF THE WEB

A-primary example of the powerof architecture‘can be seen in:an:application all readers of
this book are familiar with: the World Wide Web. Think for a moment: What is the Web?
How is it built? How do you explain the Web to-a child? If you have a-business and'want to
have a Web-based e-commerce presence, how do you go about des1gmng the softwatre for
your site; includingdetermining how your site will interact with your customers™machines?
1t is architecture that offers the vocabulary and the means for answering these questions. It
is the particular architectural style of the Web that constrains (and thereby helps) you in
producmg an e-commerce system that “plays well” with others.

Let’s: answer some of ‘the ‘questions above. What ‘is-the Web? In one view, focu’smg
on the user’s perception; the Web-is-a dynamic set of relationships among ‘collections of
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Figure 1-1.

A document
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CHAPTER 1 THEBIG IDEA

mformatmn In another view, focusmg on coarse—gramed aspects of the Web's structure
the Web is a dynamic collection of independently owned and operated machines, located
around the world, which interact across computer networks. In another view, taking the
perspective of an application developer, it is a collection of lndependently written programs
that interact with each other according to rules specified in the HTTP, URI, MIME and
HTML standards.

Constdermg these perspectives in turn, the view of the Web asa collectlon of i mterre—
lated pieces of information is illustrated in Figure 1-1. '

In the figure documents labeled A to G are shown as mdependent entmes, but thh
explicit relationships among them. For instance, if document A. is a biography of the author
C..S: Lewis, then the arrow to document D might fepreserit a'view of The Kilns, the house
in Oxford where Lewis lived.for many years, as imaged by a webcam. The arrow to doc+
ument C from document A might represent. a reference to a-description.of Oxfordshire,
the county in which The Kilns is found. The other documents shown might represent the
text .of some of the many books that Lewis wrote, such-as The Lion, the Witch and. the
Wardrobe. We, as users of the Web; can understand Figure 1-1’s.mini-Web as set of inter-
related documents and a Web:browser, such as Safari or Internet Explorer, as a vehicle for
viewing the documents and navigating among them. In short, this mini-Web is known as a
hypertext and the viewing and shifting of focus from one document to the next as browsing,
or surfing, this hypertext.
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Origin Server 1

UserAgent 1

Origin Server 2

UserAgent 2

Origin Server 3

UserAgent 3

The view illustrated in Figure 1-1 is one in which the data of the Web and the rela-
tionships among the data are shown. In conttast, Figure 1-2 shows the Web as a collection
of computers interconnected through the Internet. The machines are shown here as being
of two kinds: user agents and origin servers. User agents are, for instance, desktop and laptop
machines on which a Web browser is running. Origin servers are machines that serve as the
permanent repositories of 1nformatlon, such as the aforementioned documents pertaining
to C. 8. Lewis. In this view; the Web is understood as a physical set of machines whereby
a user at 4 user agent computer can access information from the origin servers. The view
is quite sketchy, however, and does not present any real insight into how the information
is obtained by the user agents or how the information in one document is related to infor-
mation in another. Nonetheless, the abstraction it presents is accurate insofar as it goes,
and can be useful in explaining some Web concepts.

A third view of the Web is shown in Figure 1-3. In this view, the user agents and origin
servers of Figure 1-2 are once again shown, but now the location of documents A to G are
shown. The figure also shows a set of specific interactions among two of the user agents and
two of the origin servers, corresponding to a particular pattern of accessing the C. S. Lewis
hypertext. In this-example, User Agent 1 requests, by means of the HTTP method GET,
a copy of document A; a biography of Lewis. This interaction is shown in the.diagram by
the arrow.marked 1. A representation, or “copy,” of the biography is returned, shown as the
arrow marked 2. Since the biographyhas within it a hypertext reference (href) to document
D, aJPEG of The Kilns; User Agent 1 issues another GET, this time to machine.usc;edu,
to obtain the picture. This request is marked 3 in the diagram. A copy of the image is
returned, as shown by the arrow marked 4: Further interactions between user-agents and
servers are shown in the diagram as interactions 5 and 6.

Fig Jure

A machine view
of a small pars of

the World Wide
Web.
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Figure 1-3.
Agents and origin
servers
interacting
according to the
HTTP protocol,
as users perise

the Web.
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GETA

Representation of A

o GETD

Representation of D

Representation of-D

These three diagrams illustrate the Web and provide-an indication of how: it:works,
but clearly there is much, much more to it. These diagrams use a very simple, limited set of
information; to represent the:billions of pages of information available on the Web, and a
set-of less than'a-dozen machines to represent the millions of machines interacting:at any
given instant over the Internet. So, can we really say that:these diagrams explain how the
Web works? Clearly not.’A much more general understanding of the Web-.can be given
as a set of definitions and constraints on how these billions of documents interrelate and
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millions of machines interact,? as follows:

o The Web is a collection of resources, each of which can-be identified by a uniform
resource locator, or URL. A standard specifies the legal syntax of a URL.

+ Each resource denotes, informally, some information. The information may be, for
example, a document, an image, a time-varying service (for example, ‘today’s weather
in Los Angeles "),.a collection of other resources, ‘and s0.on. k

URLs.can be used to determine the identity of a machine on the Intemet, known as
an origin server, where the value of the resource may be ascertained.

» Communication is initiated by clients, known as user agents who make requests of
-servers, Web browsers are common instances of user agents.

. Resources can be.manipulated: through their-representations.-For instance, a resource
may be updated by a user agent sending a new representation: of that resource to the

- originiserver that holds that.information. Similarly a resource may be viewed by.a user
agent obtaining a representation of that resource from an origin server and displaying
that representation on a:monitor. HTML is.a very common representation: language

.used on the Web. : o ; ;

o All communication among user agents and origin servers must be performed in-accor-

dance with a simple, common protocol (HTTP). Communicating according to HT TP

requires that the parties 1mplement afew primitive operations, such as GET and POST.

+ All communication between user agents and origin servers must be con text—free ‘That
is, an origin server must be able to respond correctly to a user agent’s request based solely
on information contained in the request,‘and-not require: maintenance of a history of
interactions between that user agent and the origin server. (This is sometimes known

s “stateless interactions.”) .

To illustrate, in the example above, documents A to G are ‘resources; machines
machine.uci.edu and machine.usc.edu running the Apache Web server are example origin
servers. User agents could be personal laptops running a Web, browser such as Internet
Explorer. Representations include a copy of the HTML of Lewis’s biography, and a JPEG
of.the current view of The Kilns as imaged by a webcam. ]

Describing the rules by :which the various, parts of the Web work and interact—its
architectural style—provides the basis for understanding the Web mdependent of its. con=
figuration or actions at any particular instant. Such description enables us to effectively
reason about how the Web works and guides indetermining what must be done to incorpo-
rate new information or new machines into the Web. While the list above is not complete
(more. details are provided later in Chapter 11 and in various references) it is nonetheless
representative and substantwe. Thls approach to understanding the Web is clearly superior
to-one based upon the code——trying to state.every.detail of every machine and every piece
of software engaged in the Web at one particular time.

A number of critical observations are apparent:

« The architecture of the Web is wholly separate from the code that implements its
various elements. Indeed; to understand the Web, the archltectur is the only effecuve

2This characterization:still omits many.details! A more comprehensive description appears in Chapter 11.
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reference point. The architecture is the set of principal design decisions that deter-
mine the key elements of the Web and their interrelationships. These decisions are
at an abstraction level above that of the source code, and are thus conducwe to
understanding the entire system at the application level.

» There is no single piece of code that “implements the architecture.” The Web is
“implemented” by Web servers of various design, browsers of various design, proxies,
routers, and network infrastructure. Just looking at any single piece of code, or even
all the code on any single machine, will not explain the Web’s structure; rather, the
architecture is the only adequate guide to understanding the whole.

« There are multiple equivalent (with respect to the architecture) pieces of code that
exist and implement the various components of the architecture. The architectural
style of the Web constrains the code in some respects, saying how a given piece must
work with respect to the other elements of thearchitecture, but substantial freedom
for coding the internals of an element is present. Thus; we see many different browsers
from different vendors, offering a variety of individual advantages, but insofar as the
browsers relate to the rest of the Web, they are-equivalent.

The stylistic constraints that constitute the definition of the Web’s style are not nec-

essarily apparent in the code, but the effects of the constraints as:implemented in all
the components are evident in the Web. :

These observations are profound, and begin to indicate the role of architecture in the
Web. But the most important questions of all remain:

o Why were these particular decisions made?
o Why were these decisions important and not others?

+ Why did similar systems that made slightly different decisions fail, when the Web is
such a wild success?

These questions can be’answered only when looking at the Web from an architectural
perspective, and indeed they cut straight to the heart of architecture: Chapter 11 discusses
how the Web’s designers targeted a particular set of qualities—the ones that make the Web
so successful—and then made decisionsspecifically to imbue the Web with those qualities.
That chapter will discuss the Web and its undetlying style, REST (REpresentational State
Transfer), in more detail, and show how the style is based upon and derivative froma large
set of simpler styles.” s :

The take-away message here is that one of the world’s most successful software systems
is understood adequately only from an architectural vantage point. The development of
the Web, the’ mdturation of the HTTP/1.1 protocol, and the implementation of its‘core
elements were all driven by architectural understandings and principles. Without the'tock
of this abstraction it is unlikely the Web would have survived past its first two or three
years of existence.

1.3 THE POWER OF ARCHITECTURE IN THE SMALL: ARCHITECTURE
ON THE DESKTOP

One need not look at large complex applications, such as the Web, to find interesting
architectures or to find applications where a focus on architectures has a big payoff.
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Architectures underlie the simplest applications, and architectural concepts provide
the conceptual power behind, for example, the nearly ubiquitous command-line shell pro-
grams. Found on virtually every platform, including Mac OS X, Linux, Windows, and the
Unix platforms where the concepts originated, such scripts enable the user to quickly and
easily compose new applications from preexisting components called filters (which happen
to be complete executable programs in their own right), just by following some simple rules.
For example, the following application creates a sorted list of all the files in the directory
named invoices whose names include the character string “August™

1ls invoices | grep —e August | sort

At first blush this may not seem to be an application, since we can visually discern how
the functionality is provided from piece-parts, but that is indeed what it is. To understand
how this application works and how it is built, one must understand in general what filters
and pipes are, understand what the specific filters used in building this application do, and
finally, reason about how these particular filters are configured, using the pipes, to form this
application.

First, a filter is a program that takes a stream of text characters as its input and produces
a stream of characters as its output. A filter’s processing may be controlled by a set of
parameters. A pipe is a way of connecting two filters, in which the character stream output
from the first filter is routed to the character stream input of the second filter.

In the application above, three filter programs are used: 1s, grep, and sort. The
sort filter examines its input stream, noting how the stream is divided into lines of text
by an end-of-line character, and produces on its output stream those same linesof text, but
in sorted order. While sort may be given optional parameters to control, for instance,
whether the lines are sorted in ascending or descending order, in the application above no
parameters are provided, so the default behavior is to sort in ascending order.

The grep filter examines its. input character stream for lines (that is, portions of
the input character stream. demarcated by end-of-line characters) that contain-a sub-
string matching a string value provided as a parameter. In the application above, the
—e parameter is used to provide the string value (“August”) for which grep is to search.
grep produces as its output stream only those lines that contain the de51gnated search
string. o
The 1s filter does not process an incoming stream of characters; instead it commu-
nicates with the operating system to obtain the names of files in a named directory (or
“folder”). 1s then produces, as its output stream, a-sequence of characters that are the
textual names of the files in the directory designated by the command-line parameters to
1s, with each file name followed by.an end-of-line character.

- With thisunderstanding of filters as programs that read and produce character streams,
pipes as ways of hooking up filters by routing the character streams, and the functioning
of each of the three filters used (listing file names, looking for the presence of a particular
substring, and sorting), it is easy to understand how the application above works. 1s
produces a textual list of files found in the invoices directory. A pipe (shown on the
command. line -as a vertical bar) routes this output to the input of grep. grep then
examines those names to identify any containing the substring “August,” and produces
only those names as its output stream. A second pipe routes that output stream on to
sort, which then sorts the file names in ascending order, producing that ordered listing
as its (and the application’s) output.

Sony

13

Exhibit 1018  Page 39

Sony v. Quantum  IPR2023-00954



14

Common
Unix Filter
Programs

CHAPTER 1 THE BIG IDEA

The critical observation here is that this application’s structure can be understood
on the basis of a very few rules. Given understanding of that structure and knowledge of
the functioning of the individual filters, the function of the complete application can be
understood. Knowledge of those same rules and of the functioning of a few dozen, preex-
isting, basic filter programs allows one to understand hundreds of other useful applications.
Similarly, a developer may readily create new applications based upon those same rules and
knowledge of the filters.

The particular set of rules at work here defines an architectural style known, not
surprisingly, as pipe-and-filter. Part of the beauty of pipe-and-filter is that because of its
simplicity end users can develop applications without everbeing trained as programmers.
It is akin to working with Lego blocks, or Tinker Toys: Once you understand how to fit the
parts together and the different kinds of functions that the various piece-parts are capable
of performing, the creative task of assembling the pieces into a new design can proceed
quickly and effectively. Training in the details of programming is not required; the power
of a simple architectural concept can be comprehended and applied by a broad audience.

Though the style is very simple, note that use of it is not confined to the use of
the standard filter programs found in Unix, Linux, and the other operating systems that
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support pipe-and-filter; a developer may create a program that operates by reading and
writing a character stream and then use that filter/program in conjunction with others in a
pipe-and-filter-based application. Similarly, the style is not confined to applications written
in the command-line notation, though that notation is certainly common.

In addition to pipe-and-filter, a wide variety of other simple architectural styles exist.
Most of these will be familiar to experienced developers: layered system, main program and
subroutines, object-oriented, implicit invocation, and blackboard. A detailed discussion
appeats in Chapter 4. Developers can choose among these styles, and a vast array of others,
based upon the nature of the problem to be solved and the qualities desired in the solution.
For instance, pipe-and-filter applications are readily understandable, run on almost any
operating system, and run efficiently when the problem (and its structuring in pipe-and-
filter) admits concurrency. On the other hand, pipe-and-filter requires-all communication
between filters to be serialized into character streams; thus, if a graph data structure has
to be passed from one filter to another it must first be serialized into a textual stream,
transferred across the pipe, and then rebuilt into the graph data structure by the next filter.
The pipes ensure syntactic compatibility between the filters, but do nothing to ensure
semantic compatibility.

1.4 THE POWER OF ARCHITECTURE IN BUSINESS: PRODUCTIVITY |
AND PRODUCT LINES '

The discussionof the World Wide Web in Section 1.2 illustrated how architecture is a criti-
calenabler for the development of large-scale, complex systems. The discussion of the pipe-
and-filter style in'Section 1.3 showed how architectural concepts can' make effective the
development of even online applications, providing the leverage needed for exploiting the
power of a library of reusable components (in particular, Unix filters). Architectures are also
critical enablers for developing product families, a key element of many business strategies.

Product families are sets of independent programs that have a significant measure of
commonality in their constituent components and structure. The key concepts are shown
in the following example Any purchaser of consumer electronics, such as televisions, is
aware that myriad choices: 1y able Even from a smgle manufacturet,k the consumer is
faced with a range of sizes a d features that allows one to purchase a device meeting a very
pamcular set of requlreme it h H TV with a built-
' 1ght contain upwards

very similar to a 35-inch HDTV w1thout the DVD player, ‘and also to a 35-inch HDTV
with a built-in DVD player for the European market, where the TV must be able to handle
DVB—T btoadcasts rather than North America’s ATSC format. Each of these closelyrelated

Reusing structure, an component 1mplementatlons is mcreasmgly 1mporcant
to successful business ptactxce because:

Sony

15

Exhibit 1018 Page 41

Sony v. Quantum  IPR2023-00954



16

Figure 1-4.
More
sophisticated
products carry
with them
increased
complexity,
which in turn
implies increased
cost and worse
time-to-market
unless the
problem is
addressed.
(Figure courtesy
Royal Phillips
N.V.)
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o It simplifies the software development task: Existing design- and implementation-level
solutions can be either directly applied or easily adapted to multiple products within a
family.

» It reduces the development time and cost: Part of the functionality needed for a new
product will already exist within previous products within the same family.

« It improves the overall system reliability: Any functionality that is reused from a
previous product will have been used and tested more extensively than if developed
anew.

Software architecture provides the critical abstractions that enable variation and common-
ality within a product family to be simultaneously managed. We will provide an extensive
treatment of this subject in Chapter 15. Here, we discuss a representative example that
demonstrates the power of product families and the benefits accrued via an explicit, and
extensive, software architectural focus. -

The business case for exploiting software architecture for this task has been recognized
by one of the world’s leading consumer electronics manufacturers, Philips. Since the late
1990s, Philips progressively has developed and applied their Koala technelogy for specifying
and implementing the architectures of their mid- and high-end television sets, and has
hundreds of software engineers exploiting the concepts.

The motivation for Koala came directly from the nature of and advances in the con-
sumer electronics domain, as shown in the case of Phlhps television sets in Figure 1-4.
While early televisions supported a very small number of simple functions, over time they
became more powerful with increasingly sophisticated hardware and, eventually, software
capabilities. The resulting growth in complexity carried with it the risks of ever-increasing
costs and lengthened time-to-market. Of course, this is precisely the opposite of what mod-
ern consumers have-come to expect:-Fierce competition has forced Philips, as well as its
rivals, to produce a steady stream of new products and wvariations on existing products,
while containing: thelr costs.

Complexity
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A Television Product Family.

Philips addressed the problem by formulating‘a product family, as shown in Figure 1-5,
in which its many different types of TV sets varied along three dimensions—price, output
device, and geographical region—while they shared their basic purpose and much of their
functionality. The same approach was apphed to other Philips products mcludmg VCRs.
DVD players, and audio equipment.”

In‘order ‘to support its product families adequately, Philips had to be able to address
two key issues: commonality and varigbility across products. The key observation that the
Philips engineers made, and one ‘that is of particular relevance to this Book, was that
the product family notion extended to the growing amounts of software embedded in the
different devices. To exploit the commonality and manage the variability across the differ-
ent embedded software product families, Philips developed an architectural methodology,
called Koala. A more extensive treatment of Koala is provided in Chapters 6 and 15; here
we only highlight its key features.

 Koala models and implements a software system as a collection of interacting compo-
nents. Each component exports a set of services via a set of provides interfaces. Additionally,
each component explicitly defines its dependencies on its environment (either the hard-
wate or other software components) viaaset of requires mterfaces For illustration, a software
architecture for a Phlhps TV platform modeled in Koala s graphlcal notanon is shown in
Flgure 1-6..

This approach allows an engineer to construct and analyze an architecture withrelative
ease: Each component is essentially akin to a Lego block with well-defined “pins” for
composing with other components; inorder for such-compositions to be legal, the provides
and requires inteérfaces of the respective-components .must match according to a set of
rigorously defined rules: Moreover; a given assembly of componentsin Koala can be treated
asa compound: component; which:can then be used as a single unit. For example,. the
architecture shown in Figure 1-6 is'a compound component with three provides and two
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Figure 1-5,
Philips TVs as a
product family,
varying along
three dimensions.
(Figure courtesy
Royal Phillips

N.V)
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Figure 1-6.

An example
software
architecture for a
TV set. The
architecture
consists of five
interacting
components with
various incoming
and outgoing
interfaces.

( Figure courtesy
Royal Phillips
N.V)

CHAPTER ¢ THE BIG IDEA

‘CTvPlatform

requires. interfaces. This allows components. of arbitrary complexity to become reusable
assets across Koala architectures (that is, across Philips products).

Ourprevious examples.of the use of software architecture, the Web and plpevand—ﬁlter
applications, hint that a focus on architecture is afocus on reuse: reuse of ideas, knowledge,
patterns, and well-worn experience. In turn, product familyarchitectures facilitate a higher-
order level of reuse: reusing structure, behaviors, implementations, and so on, across many
related products. i

.. Inaddition toits ablhty to explmt commonalmes w1thm a product famlly v1a reusable
assets, Koala also provides explicit support for managing variability across products. Three
separate mechanisms are used to this end.

1. Diversity interfaces are a mechanism for parameterizing a component. Diversity
interfaces ‘allow a component to import configurdtion-specific properties from
Koala's specialized interface implementation elements, which are external to the
component and'are contalned within the archltecture encompassmg the compo—
nent. ,

2. Swztches ate connecting elements that allow a single component to interact with
one of aset of components, dependmg onthe value of a given run-time parameter.

3. Opnonal interfaces allow a component of a given type either to provide or to require
additional functionality that may be specialized for certain, but not all, ptoducts
w1thm afamily.

The combination of Koala’s:support for sharlng reusable assets of arbltrary complexity
and managing diversity across products in:a family has made it possible for Philips to explore
combining components from different families in novel and interesting: ways. Some of
those are depicted in Figure 1-7. The resulting product populations are a further extension
of the technical challenges inherent in' product families. For example; the presence of
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Composition

variation induces requirements for extensive configuration management of the individual
components and of entire architectures.

Koala has directly helped Philips to conquer these challenges and turn them into a
competitive advantage. We should note that while architecture has played a central role in
this process, product families and populations also require broader changes to processes and
business organization practices: The standard approach to software development as found
in most businesses does not effectively support product families. One common reason is
that a development team often has little incentive to expendits already scarce resources
and produce more widely (re)usable assets that will benefit other teams and projects in the
future. Therefore, introductionof a robust strategy to support product families also demands
changes in how development organizations are structured and operate internally; and how
they ‘interact with other parts of a company s business, including marketing, hardware
engineering, and finance. .

Apart from the obvious cost savings from the reuse of components and the ablllty to
quickly craft yet another new television configuration, the Philips example reveals another
critical benefit of the software architecture abstraction: Koala is the concrete manifestation
‘of the company’s cotporate experience, knowledge, and competitive advantage: Withouta
specific way of representing such knowledge, companies are left relying on the memories of
their empl‘oyees-and the verbal conveyance of past experience to retain and pass along “our
company's way” of solving problems and creating new products. With increasing trends of
employee mobility from company to'company, reliance on a social structure: to maintain
such understanding is an-increasingly shaky policy. Software architecture ‘offers not only
a solution to‘a socially induced ‘problem, but; with its substantial technical support; the
ability to achieve much higher levels of productivity than have heretofore been seen.
This is a critical observation and further explication of it will be provided throughout the
remainder of this book.
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Figure 1-7.

An

ever-expanding

range of

possibilities opens
by combining
existing consumer

electronics

products. This
provides an even

broader and
longer-term

motivation for
product families.
(Figure courtesy
Royal Phillips

N.V)
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CHAPTER 1 THE BIG IDEA

1.5 END MATTER

Vitruvius

on the
Character of
Architeciure

This chapter began with an extended discussion of an analogy of how buildings are designed
and constructed and how software is designed and built; the analogy will appear again in
following chapters. The fundamental role of architecture has been emphasized throughout
the chapter, showing its essential role in the World Wide Web, and then, at the other end of
the size spectrum, in quickly composed desktop applications. Software architecture has been
presented as the set of principal design decisions made during the system’s conceptualization
and development. Knowing and understanding these decisions is essential to successful
system evolution. Making such decisions determines the course of an application: whether
it will be effective, elegant, and successful or a costly, error-prone thorn in the side of all
who come in contact with it.

The chapter concluded with a discussion of product families. This concluding focus is
particularly appropriate as it echoes closely a lesson from the world of buildings, namely
the critical role of architecture and architects in carrying forward lessons, experiences, and
reusable elements to new projects.

In 1979, architect Christopher Alexander’s book, The Timeless Way of Building,
showed how patterns of solutions to common architectural needs have developed over
the yeats, and how combinations of patterns can be made to yield structures that address
complex needs and constraints. Software architecture not only supplies the intellectual
means-for -applying such reuse -of knowledge in the software domain, enabling engi-
neers-to efficiently address needs for new systems, but also provides the framework for
reusing substantial functional components in the production of new members of a product
family. : SO B

The vision of architecture-centric software engineering is very compelling. It prefigures
a world where complex software systems are engineered, rather than crafted, drawing from
extensive experience in past projects.to form the basis for new ones. System designs are
modeled in a variety of notations, each optimized for depicting particular aspects.of the
architecture. Powerful tools automate the process of maintaining consistency between
these models. Each project stakeholder has a panoply of visualizations available for looking
at the architecture in ways that are most. natural or convenient. Capable analysis tools
provide deep insights into the nature of the designed system long before implementation
activities begin—stakeholders are able to assess the qualities of a software system from
its design before costly mistakes are introduced. The design serves as the basis for system
deployment and evolution as well, informing future engineers as to exactly how to-evolve
the system in ways that are consistent with its original design principles and goals. The
architecture (and the qualities induced by it) accompanies the system through its lifetime
to its-eventual retirement. This vision is not fully a reality today. However, as this book
will show, today’s foundations, theory, and practice of software architecture can achieve
vastly superior results to those of traditional development practices, while also providing
a rich basis for achieving the stated vision.
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The coming chapters will supply the missing details in our discussion. To apply the tech-
niques of software architecture one must have adequate conceptual foundations, notations,
analysis techniques, tools, and processes, all of which will be discussed. We will begin
this examination in the next chapter by considering how a software architecture-centric
approach to development radically reshapes the other tasks and processes of software engi-
neering. The emphasis will be on recognizing that principal design decisions are made
throughout a system’s life cycle, and that by focusing on such decisions, capturing the
knowledge they represent, the development process is improved. Chapter 3 then sets.the
concepts of software architecture in precise terms, while subsequent chapters show how to
design, develop, deploy, and adapt systems based on these principles. -

1.6 REVIEW QUESTIONS

1. What are the principal insights from the discipline of
building architecture that are applicable to the con-
struction of software systems?

2. Recognizing the limitations of an analogy—where it
does not apply—can be as instructive as consider-
ing the situations where it does apply. What’s wrong
with the building architecture analogy? In what ways
is constructing software fundamentally different from

building a physical structure? Do a Web search for
“software construction analogy is broken.” Do you
agree or disagree with the opinions posted online?

Lo

. Philips’s use of software architecture for supporting
product lines is targeted at consumer electronics, such
as televisions. What other industries or markets could
benefi from the commonalities and efficiencies of a
softwace product-line approach?

1.7 EXERCISES

1. Architects use hand-drawn sketches, prose, and
blueprints to describe buildings. What do these cor-
respond to in software development?

2. When a software developer begins a new develop-
ment task by directly starting to program, what kind
of development activity would that correspond to in
building?

3. Look up several definitions of “software design.” Do
any of these definitions correspond to what architects
(or industrial designers) term “design”?

4. What corresponds in software development to a build-
ing architect’s concern for aesthetics?

5. Interview an architect and find what his or her key
vocabulary items are. From your knowledge of soft-
ware engineering, what analogs do those terms have
in software?

6. Is X a better analogy for the construction of software?
Why or why not? Let X =(law, medicine, automotive
engineering, oil painting). For example, in law, con-
sider the process by which laws are made and enforced.
For oil painting, consider the commissioned works that
artists such as Michelangelo produced. What process
did he follow? For medicine, consider whether the
“product” of medicine is tangible or not, and what
that implies for medical knowledge.

Perform a Web search for “software architecture.” Are
the top hits deserving of the billing? Are the terms
used on those Web sites consistent with the terms as
used in this textbook?

-

8. Write a pipe-and-filter application that prints a sorted
list of every unique word in a file. That is, each unique
word should appear only once on the output.

1.8 FURTHER READING

The works of Vitruvius have been translated into English
many times and should be readily available in a good

library. Free, online translations are also available; see,
for example, Bill Thayer’s Web site (Pollio).

Sony
Sony v. Quantum

Exhibit 1018

Page 47
IPR2023-00954



22 CHAPTER L THE BIG IDEA

Many excellent books on architecture have been written,
of course, but few provide substantive insights for software

developers. A significant exception is Stewart Brand’s

How Buildings Learn (Brand, 1994). Brand chronicles how
awide range of kinds of buildings have been changed over
the many years since their initial construction. A discus-
sion of some of the principles from this book and how they
relate to software architecture is found in Chapter 14 of
this text. Another architecture text that has had substan-
tial impact on software development is' Alexander’s The
Timeless Way of Building (Alexander, 1979). This work
has influenced thinking on patterns for object-oriented
programming, and more generally, software architecture
styles.

An interesting chronicle of the construction of a New

York City skyscraper can be found in (Sabbagh, 1989).

The processes the designers and builders follow, and the
problems. they encounter, are eerily similar to_those in
large-scale software development.

A detailed discussion of the architecture of the World
Wide Web can be found in (Fielding and Taylor 2002).
Key points from this work are discussed in detail in Chap-
ter 11. The standards that govern the operation of the
Web are available from the Internet Engineeririg Task
Force (IETF) and the World Wide Web Consortium
(W3C) Web sites: www.ietf.org and www.w3.org, respec-
tively. Tim Berners-Lee’s- description of the Web from
1994 can be found at (Berners-Lee, et al. 1994).

Further information on Koala and how it has been used
to support development of product families is available
at (van Ommering et al. 2000) and (van Omméring
2002).
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Architec’_tures in Context:j*The
Reorientation of Software
Engineering

The preceding chapter introduced the concept of software architecture and illustrated
its power in establishing the contemporary World Wide Web. It also showed how soft-
ware architecture provides a technical foundation for the exploitatidn of the notion of
product families. This chapter shows how software architecture relates to the concepts
of software engmeermg that: tradxtlonally are the most prominent.

What emerges from thxs consmleratlon is a reorientation of those concepts:away from
their typical understanding; for the power of architecture demands a primacy of place.
As a result the very character of key software engineering activities, such as require-
ments analysis and programmmg, are altered and the technical approaches taken durmg
various software engmeermg activities are changed

The focus of this chapter is showing the role ‘of architecture in the whole of the
software engineering enterprise, so it is ‘somewhat cursory—muost of the major toplcs of
software engineering are discussed, but each individual topic is only allotted a few pages.

Subsequent chapters will take up the major points in turn, treating them in substantial
detail: The reader-will be able to-understand-the role of software architecture in the
larger development context; and could:apply the ideas in'broad terms; but without the
specific techniques and tools covered in subsequent chapters effectlve appllcatlon of
the ideas w111 be elusive. )
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24 CHAPTER 2 ARCHITECTURES IN CONTEXT: THE REORIENTATION OF SOFTWARE ENGINEERING

Outline of
Chapter 2

2.1 FUNDAMENTAL UNDERSTANDINGS

There are three fundamental understandings of architecture, the recognition of which
helps situate architecture with respect to the rest of software engineering:

1. Every apphcatlon has an archltecture
2. Every appllcatlon has at least one archltect
3. Archltecture isnota phase of development

By archltecture we mean the set of principal design decisions made about a system;
it is a characterization of the essence and essentials of the application. Referring back to
the analogy to buildings discussed at the beginning of Chapter 1, it is evident that every
building has an architecture. That is not:to say that every building has:an honorable; or
elegant, or effective architecture: Sadly, many buildings evince architectures that ill-serve
their occupants and shame their designers. But those bmldmgs have architectures, just as
much as the beautiful, elegant buildings that are a dehght to see and to work within. So
it is with software. An application’s fundamental structure can be characterized, and the
principal design decisions made during its development can be laid out. For example, as
described in the previous chapter, the architecture of the World Wide Web is characterized
by the set of decisions referred to as the REST architectural style. The Unix shell s script we
saw in the previous chapter has an architecture characterized by the pipe-and-filter style.
All applications do’have architectures because theyall resilt fromkey design decisions:

. The contribution of this observation is that it:immediately raises questions: Where
did the architecture of an,application come from? How can that architecture becharac-
terized? What are its properties? Is it a “good architecture” or a “bad architecture?” Can its
shortcomings be easily remedied?

The second understanding follows naturally from the first: Every apphcatlon has an
architect, though perhaps not known by that title or recognized for what is done.> The
architect is the person or, in most cases, group who makes the principal decisions about the
application, who establishes and (it is hoped) maintains the foundational design. As with

3Conversely, just because a company bestows a title such as “chief software architect” on someone does not
necessarily mean that the individual possesses any particular credentials or ability to responsibly create good or
effective software architectures, or indeed to know anything about software technology.
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REQUIREMENTS
the first understanding, this observation also immediately raises some questions, including:
Were the architects always aware when they had made a fundamental design decision?
Can they articulate those foundational design decisions to others? Can they maintain the
coneeptual integrity of the design over time? Were alternatives considered at the various
decision points?

The third understanding is the most profound, and which provides the focus for the
majority of this chapter. Architecture refers to the conceptual essence of an application,
the principal decisions regarding its design, the key abstractions that characterize the
application. If it is agreed that every application has an architecture, then the question
arises, Where did it come from? Howdoes it change?

In a simplistic, traditional, and inaccurate understanding, the architecture is a specific
product of a particular phase in the development process that succeeds identification of
requirements and that precedes detailed design. In elaborate software engineering waterfall
processes, or in the spiral model, such phases are often explicitly labeled, using such terms as
“preliminary design,” “high-level design,” “product design,” or “software product design.”
Thinking of architecture as the product of such a phase—especially an early phase—
confines architecture to consist of only a few design decisions, a subset of those that fully
characterize the application, and, unfortunately in many cases, to the decisions most likely
to be contravened by subsequent decisions. While the creation and maintenance of the
architecture may begin or have special prominence in a particular phase; these activities
pervade the development process. '

To show how software architecture relates to the broader traditional picture of software
engineering, we discuss architecture in the context of traditional phases and activities of
software engineering. For convenienceand familiarity, we organize the following discussion
around the notional waterfall process: Our discussion is predicated on a recognition thata
system’s-architecture should result from:a conscious, deliberate activity by an individual or
group recognized as having responsibility for the architecture. Those unfortunate situations
where the architecture is not explicit and not the result of conscious choice.or effort mmply
reflect poor engineering practice.

2.2 REQUIREMENTS

Consxderatlon of archltecture rxghtly and properly begins at the outset of any software
developmentactivity. Notions of structure, design, and solution are quite appropriate during
the requirements analysis activity. To understand why, it is-appropriate to begin with:a short
exploration of the traditional software engineering approach: We contrast that view with
the practice in actual software development, the practice in (building) architecture; and
then consider the role of design and-decision makmg in the initial phase of application
conception. e i

In the waterfall model mdeed in'most process models, the m1t1al phase of activities
is focused on developinig the requirements for an application—the statement of what the
application is'supposed to'do. The traditional academic view of requirements analysis and
specification is that the activity, and the resulting requirements document, should remain
unsullied by any consideration for a:design:that might be used to satisfy the: identified
requirements. Indeed, some researchers in the requirements community are rather strident
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on this point: “The central part of this paper sketches an approach to problem analy-
sis and structuring that aims to avoid the magnetic attraction of solution-orientation”
(Jackson 2000); similar quotes can be found throughout the literature. (More recent work
in requirements engineering has moved away from such a viewpoint, as will be discussed
at the end of the chapter.)

The focus on isolating requirements and delaying any thought of solution goes back
to antiquity. Pappus, the Greek mathematician from the fourth century wrote, “In analysis
we start from what is required, we take it for granted, and we draw consequences from it,
till we reach a point that we can use as [a] starting point in synthesis.” Synthesis is here the:
design, or solution, activity. More recently, the twentieth-century American mathemati-
cian George Polya wrote an influential treatise on “How to Solve It” (Polya 1957). The
essence of his approach is as follows.

« First, understand the problem.

s Second, find the connection between the data and the unknown. You should obtain
eventually a plan of the solution.

» Third, carry out your plan.

o Fourth, examine the solution obtained.

In both these approaches, a full understanding of the requirements precedes any work
toward solution. Most software engineering writers have taken this essential stance, as we
have seen in the-quote above, and argued that any thought about how to solve a problem
must follow a full exploration and understanding of the requirements.

One of the stories used to illustrate the wisdom of this approach concerns the devel-
opment of washing machines. If in designing washing machines we simply automated the
manual solution of ages past we would have machines that banged clothes on rocks down
by the riverside. In contrast, focusing on the requirements (namely, cleaning clothes)
independent of any “magnetic attraction of solution-orientation” allows novel, creative
solutions to be obtained: rotating drums with agitators. ) e

This ideal view of isolating requirements first, then designing afterward, is in substan-
tial contrast to the typical practice of software engineering. While it is not something that
developers write academic papers about, the practice indicates that, apart from government-
contracted development and some specialized applications, substantive requirements
documents are seldom produced in advance of development. Requirements analysis, which
ostensibly produces requirements documents, is often done in a quick, superficial manner,

include schedule and budget pressures, inferior processes, denigration of the responsible
engineers’ qualifications and training, and so on.

We believe the real reasons are different, and that these differences begin to indicate
the role of architecture and solution considerations at the very outset of a development pro-
cess. The differences have to do with human limitations in abstract reasoning, economics,
and perhaps most importantly, “evocation.”

Consider once again the analogy to buildings: When we decide we need a new house or
apartment, or a modification to our current dwelling; we do not begin a process of reasoning
about our needs independently of how they may be satisfied. We think, and talk, in terms of
how many rooms, what style of windows, whether we want a gas or electric stove—not in
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terms of “means for providing shelter from inclement weather, means for providing privacy,
means for supplying adequate illumination, means for preparing hot food” and so on. We
have extensive experience with housing, and that experience allows us to reason quickly
and: articulately about our desires, and to do efficient approximate analyses of cost and
schedule for meeting the needs. Seeing other houses or buildings inspires our imagination
and sparks creative thought as to what “might be.” Our needs start to encompass particular
styles of houses that ‘we find charming or cutting edge. Thus our understanding of the
architecture of our current dwelling and the architecture of the other people’s dwellings
enables us to envision our “needs” in a way that is likely to lead to their satisfaction (or
revision downward to reality!)

So it is with software. Specifying requirements independently of any concern for how
those requirements might be met leads to difficulty in even articulating the requirements.
Aside from limited domains, such as numerical analysis, it is exceptionally difficult to reason
in purely abstract terms. Without reference to existing architectures it becomes difficult to
assess practicality, schedules; or cost. Seeing what can be done in other systems, on the other
hand, what kind-of user interfaces are available, what new hardware is capable of, what
kind of services can be provided, evokes “requirements” that reflect our imagination and
yet are grounded in reasonable understandings of possibility. Current practice reflects this
approach, showing the practicality of reasoning about structure and solution hand-in-hand
with requirements... :

- This observed experlence w1th software pracnce is consistent with that found in other
engineering disciplines. Henry Petroski, the popular chronicler of the modern history of
engineering, has.observed that failure is.the driver of engineering and the basis for inno-
vation. That is; innovation and new products come from observation of existing solutions
and their limijtations. Reference to.those prior designsis intrinsically part, .of work toward
new solutions and products. s ~

Similarly, if we consider the behavior of corporations, or especially of venture capital-
ists, we see.a focus from. the outset on structures and designs, rather than requirements. That
is, one does not successfully approach a venture capitalist and simply enumerate a.great
list of requirements for some product. Requirements do not create value; products do: Suc-
cessful new ventures are begun on. the basis of a potential solution—possibly even.without

The Devel-
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a conception of what requirement it might be meeting. Marketing organizations within
companies have as their charter the responsibility to match existing products to needs, to
create needs, or, especially, to identify how existing products need to be modified in order to
address emerging customer needs. In all this, solution and structure are equal partners with
requirements in a conversation about needs. The core observations from this reflection are:

o Existing designs and architectures provide the vocabulary for talking about what
might be.

» Our understanding of what works now, and how it works, affects our wants and per-
ceived needs, typically in very solution-focused terms.

» The insights from our experiences with existing systems helps us imagine what might
work and enables us to assess, at an early stage, how long we must be willing to wait
for it, and how much we will need to pay for it.

The simple conclusion then, is that analysis of requirements and consideration of
design—concerning oneself with the decisions of architecture—are naturally and properly
pursued cooperatively and contemporaneously.

The starting point for a new development activity thus includes knowledge of what
exists now, how the extant systems fail or fail to provide all that is desired, and knowledge
of what about those systems can or cannot be changed. In many ways, therefore, the
current architectures drive the requirements. Indeed, requirements can be thought of as
the articulation of improvements needed to existing architectures—desired changes to the
principal design decisions of the current applications. Architectures provide a frame of
reference, a vocabulary, a basis for describing properties, and a basis for effective analysis.
New architectures can be created based upon experience with and improvement to pre-
existing architectures.

The overwrought objection to this approach is that it will limit innovation and guide
development down unfruitful paths. After all, that is the point of the washing machine story
mentioned earlier. The problem is, while the anecdote is amusing, it does not reflect how
modern washing machines were developed. Engineers at Maytag did not begin by stating
abstract requirements for the “removal of particulate matter greater than n.microns in size
from fabrics composed of cotton fibers, to an-effective level of only k residual particles
per gram of fabric after t seconds of processing.” Rather, history shows an incremental
progression of machines that largely draw from automation of formerly human actlons but
with innovative progressions.

Developers, notietheless, do have to be concerned about having thelr vision limited
by current designs. An analogy used by professors David Garlan and Mary Shaw. makes the
point well: To ascend to the top of a house a ladder may be used. To ascend to the top of
a small bu11d1ng; a fire truck ladder may be used. But to ascend to the top of a skyscraper a
ladder of any variety will be insufficient; an elevator (which bears no physical relationship
to a ladder) is effective. To ascend to the moon requires yet another totally different tech-
nology. In this analogy, the concept of ascension is constant across the different situations,
but the specifics of the situations end up implying the need for distinctly different solution
architectures.

- The point is this: Predecessors, that is, existing architectures, provide the surest base
for the vast majority of new developments; in such situations requirements should be stated
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using the terminology and structural concepts of existing systems. In situations where an
adequate (“physical”) predecessor is unknown, conceptual predecessors or analogies (for
example, “things used before to ascend”) may provide a terminological basis for describing
the new needs, but caution must be exercised in drawing any architectural notions from
such predecessors. Conceptual predecessors may provide a vision but frequently offer little
help beyond that.*

Perhaps most dangerous is so-called greenfield development one for which there isno
immediate architectural predecessor. In such cases the temptation is to believe that new
conceptual ground is being broken and hence no effort need be or should be undertaken
to examine existing systems and architectures for framing the development. The risk is
a directionless development; better is the strategy to. first extensively search for existing
architectures that might provide the efficient basis for framing the new requtrements and
solution. Greenfields are often minefields in disguise. . '

Lastly, the admonition to always considerarchitectural predecessots and to base devel-
opment on improvements to existing systems is not absolute. Not all architectures are wor-
thy of further work and may be incapable of serving as the basis for additional development.
As further chapters will illustrate; some architectural styles-are- much more effective at sup-
porting change and enhancement than others; some architectures deserve to be abandoned.

This section has called for 2 new understanding and approach toward requirements
engineering which:provides; substantial prominence to the role of architectures-and solu-
tion considerations: Architectures provide the language for discussion of needs—not.only
a glossary of terms, but a language of structures, mechanisms, and possibilities. With. this
architectural underpinning preliminary analyses can proceed. Requirements documents
still serve an important role in the engineering process, for-instance-as. the basis for.con-
tracts and setting-out the precise objectives for new.work; but these .documents should be
strongly infotmed by architectural:.considerations. Chapter 15 will elaborate an advanced
application of these ideas known as reference tequirements, under the. banner of “domain
specific:software architectures:” Later in this chapter, we briefly return to the relationship.
betweeh requirements and development, when in the section on processes we consider the
Twin Peaks model and agile development methods. , :

2.3 DESIGN

Designing is, by definition, the activity that creates a:system’s software architecture—its
set of principal design decisions. As the preceding sections have indicated, these decisions
are not confined, for instance, to high-level notions of a system’s structure. Rather the
decisions span issues that arise throughout the development process. Nonetheless, there is
a time during development when more attention is paid to making many of those pr1nc1pal
decisions than at other times—an archltectural design “phase.” Our points for this section

*Nonetheless, the considerable inspiration that can come from considering an analogy from a different domain of
knowledge should not be underestimated. An example par excellence is the invention of hypertext: Vannevar Bush
in his article, “As We May Think” (Bush 1996) conceived of the notion of hypertext through explicit analogy
to how the human brain operates associatively. His conception for a device for making and recalling information
associatively, however, had nothing to do with biology or cells, but rather with extrapolations from ‘mechanical
devices of the 1940s. : .
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are simply as follows:

o The traditional design phase is not exclusively “the place or the time” when a system’s
architecture is developed—for that happens over the course of development—but it
is-a time when particular emphasis is placed on architectural concerns.

¢ Since principal design decisions are made throughout development, destgnmg must be
seen as an aspect of many other development activities.

" » Architectural decisions are of many different kinds, requiring a rich repertoire of design
techniques.

In traditional formulations of software engineering, the activity of design is confined
to:the “design phase:” In the notional watetfall model, the abstract requirements produced
by the requirements phase are examined, a design process is followed, and, at completion
of the phase, a design is produced and handed to. programmersfor implementation. Most
often those decisions concern-a system’s structure, including identification of iits primary
components-and how they are ‘connected. (Hence such a design denores a particular set
of design decisions that partially comprise the architecture.) To the extent that, during the
design phase, some portion of the requirements are found to be infeasible, those require-
ments issues are referred back-to the requirements phase for reconsideration. (And, in the
extreme purist view, without passing back any solution information!) If any portions of the
design ate found to be infeasible or undesirable during the implementation phase, those
issues'are referred back to'the design phase for reconsideration. -

With an .architecture-centric approach to development, these artificial and coun-
terproductive phase-boundaries are diminished or: eliminated. As the previous section
discussed, the analysis of requirementsis properly. bound up with notions of architec-
ture and design, with: these notions providing the:context'and vocabulary for describing
the new capabilities desired. The activities of analysis, design, and implementation pro-
ceed, but in an enriched and more integrated fashion. The principal decisions governing
an application-—its architecture-—are ‘informed from many ‘sources-and typlcally made
throughout the process of development.

Last, a rich repertoire of design techniques is needed to assist the architect in making
the wide range of design decisions comprising an architecture. The architect must deal for
example, with: :

» Stakeholder issues, such as choices concerning the use of proprietary, commercial
off-the-shelf or open-source components, with their attendant and vatying hcensmg
obligations.

"o Over archmg style and structure!
o Types of connectors for composing subelements.

o Package and primary class structure (that is, low-level style and structure when working
in an object-oriented development context).

= Distributed and decentralized system concerns.

« Deployment issues.

» Security and other nonfunctional properties.

» Postimplementation issues (means for supporting upgrade and adaptation).
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Clearly, a simple one-size-fits-all design strategy will not suffice. The following subsec-
tion considers the topic of design techniques in a little more detail. In many ways, however,
everything in the rest of this book is an exploration of the many facets of software design;
this section provides only the briefest introduction.

2.3.1 Design Techniques

A variety of strategies exist for helping the designer develop an architecture. Chapter 4 will
discuss several of them in substantial detail, including the use of basic conceptual tools,
architectural styles and patterns, and strategies for dealing with unprecedented systems.
For the purposes of this chapter; namely relating an architecture-centric approach ‘with
classical software engineering, we only consider tworstrategies for use in development of a
solution architecture: object-oriented design and the use of domain-specific archltectures,
just torillustrate the spectrum-of approaches, issues, and concerns.

Object-oriented design is perhaps the most common design approach taught and close
consideration of it helps reveal why a wide repertoire of techniques is necessary. A similar
analysis could be developed for other-traditional approaches to design, such as functional
decomposition.

Object-Oriented Design

Object-otiented design (OOD) is usually taught in the context of obj ectvonented program-
ming, that is, the reduction:of an algorithm to machine-executable form: The essence of
OOD is the identification of so-called objects, which are encapsulations of state with-func-
tions for accessing and manipulating that state. Numerous variations are found in different
object-oriented programming, languages regarding the way objects are specified, related
to one another, created, destroyed and so on. Given the prevalence of the technique it
will not be further summarized here; numerous excellent references are widely avallable
(Larman 2002; Schach 2007). .

"~ While ob]ectronented de31gn can be used as a strategy when developlng an architec-
ture, it is not a complete approach and is not effective in all situations. This is not to say
that it is an ineffective design technique. On the contrary, OOD is exceptionally effective
in a wide variety of development situations! It is just important to realize its limitations,
so that other additional or altematwe techmques can be brought to bear on those portions
of thetask.

First, clearly, OOD is not a complete design approach, for it fails to address myriad
stakeholder concerns. OOD says nothing about deployment issues, security and trust, or
use of commercnal components, for instance. Similarly, OOD, as a pracuce, has no intrinsic
means for carrying forward domain knowledge and solutions from previous : archxtectures to
new products. While code reuse techniques may be employed or higher-level representa-
tions such as Unified Modeling Language (UML) used, no facility is available for explicitly
indicating points of variation or other aspects of program families.

Second, OOD is not effective in all situations. For i instance, some of its hmltauons are
as follows:

-e: Q0D views- all apphcatlons as- consisting, solely, of one software species (namﬁly,
“object”), regardless of purpose. Forcing all concepts and entities into a:single Zﬁold
can obfuscate important differences. The REST style, for instance, maintains digtinct
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notions of “user agent,” “origin server,” and “cache.” Apart from using programming
language types to try to characterize these distinct elements; OOD does not offer any
helpful modeling mechanism.

» OOD provides only one kind of encapsulation (the object), one tiotion of interface,
one type of explicit connector (procedure call), no real notion of structure (objects are
constantly created and destroyed), and no notion of required interfaces. This implies
thatall the richness of a given solution approach has to be mapped down or transformed
to this level of single choice. Some architectures—such as pipe-and-filter—may not
be at all effective after such a transformation.

N ,OOD is so closely related to programming language concerns and ch01ces thatit tends
“'to have the forest obscured by the trees. For instance, the vagaries of type inheritance
may obscure identification of the principal objects critical to the design. Similarly, it
is so bound with programming language issues that the language may start dictating
what the important decisions are.

+ The typical OOD approach assumes a shared address space and adequate support for
heap-and-stack management. OOD typically assumes a single thread of control; sup-
port for multiple threads is accommodated in languages largely as an afterthought.
Concern for concurrent, distributed, or decentralized architectures is largely outside
the OOD purview. Support for distributed objects, such as that provided by CORBA -
style middleware; attempts to hide the presence of network boundaries. Architectures
that must deal with the realities of networks and their unavoidable characteristics of
introducing failures, latency, and authority domains will not be directly supportable

* with an OOD approach.

One positive step in the object-oriented design world has been the creation of the
UML notation. This has helped lift the discussion of object-oriented designs above the
programming language level. In 2003, the UML notation was enhanced with some simple
notions of software architecture, further improving its contribution. UML is covered in
Chapters 6 and 16.

Also helping to lift ob]ect‘orlented design closer to a richer notion of architecture
is the extensive work in patterns, as exemplified in the work of computer scientists Erich
Gamma, Richard Helm, Ralph Johnson, and John Vlissides (Gamma et al. 1995). Pattems
are explicitly designed to enable the carry-forward of knowledge and experlence from
previous work into new applications. As such, patterns represent an excellent, “in the
small,” OO-particular application of an important concept from software architecture.

Extending the idea of patterns to a broad, application-encompassing level yields a
design approach known as domain-specific software architectures. This approach exempli-
fies how architecture-centric design may be supported, and how 51gn1ﬁcant technical and
business benefits can consequently be achieved.

Domain-Specific Software Architectures (DSSAs)

The approach known as domain specific software architectures, or DSSAs, is appropriate
when prior experience and prior architectures are able to strongly influence new projects.
Thekey notion is that if a developer or company has worked within a particularapplication
domain for many years, it is likely that a best approach or best general solution for applica-
tions-withinthat domain will have been identified. Future applications in that domain can
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leverage this knowledge, with those applications having their fundamental architecture
determined by the architectures of the past generations of applications. Indeed, the new
architectures will likely be variations on the previous applications. The technical essence
of the domain-specific software engineering approach is to capture and characterize the
best solutions and best practices from past projects within a domain in such a way that
production of new applications can focus more ot less exclusively on the points of novel
variation. For those points-where:-commonality with past systems is present, reuse of those
corresponding parts of the architecture, and indeed reuse of corresponding parts of the
implementation, is done. The DSSA approach to system development is thus consistent
with the development of product lines as introduced in Chapter 1, and can be the technical
centerpiece of a product-line approach.

For instance, if a company is in the business of proeducing televmon sets for the world
market; such as the example of Philips discussed in Chapter 1, a backbone software archi-
tecture can be identified that can be used ini televisions destined for sale in North:America,
Europe, and the Far East: Different tuners for the different markets can be written, and
if the backboneé architecture has identified variation points and interfaces for the tuner
component, the various market-specific tuners can be slotted in,-enabling customization
in a very cost-effective manner.

To effectively follow the DSSA approach, good technical support is required: The
architecture of the previous. generation of applications must be captured and refined for
reuse; the points of allowable variation must be identified and isolated; the interfaces
between the points of variation and. the core architecture must be made explicit, the
dependencies between multiple points of variation must be identified, and so on. A par-
ticularly important element of the DSSA approach is creation and use of a standard way
of describing products and systems within the domain of interest. Use of regularized ter-
minology enables an engineer to determine the degree to which a new product concept
fits within the company’s existing DSSA. These issues and more are explained in Chapter
15, where the DSSA concept and product lines are explored in depth; suffice it to say here
that the DSSA approach to design enables the many advantages ofan archltecture-cent:rlc
development approach to be realized..

2.4 IMPLEMENTATION

The task of the implementation activity is to create machine-executable source code that
is faithful to the architecture and that fully develops all outstanding details of the applica-
tion. This is true whether speaking from the perspective of classical software engineering or
from the software architecture-centric view of software engineering set forth in this book.
Archltecture—centrlc development somewhat changes our understanding of the imple-
mentation activity and its respon51b111t1es, however. It also emphasizes some partlcular
approaches to implementation.

First, the implementation actwlty may add to or modify the archltecture—lf key de51gn
decisions are made while working with the source code, they are part of the architecture
as much as any principal decision made much earlier in the process. Second, there is no
presumption that architecture is completed before implementation begins. Indeed there
may be substantial iteration and revision of the architecture as the code is developed,
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depending on the development process followed. What the architecture approach empha-
sizes is keeping all the recorded decisions constituting the architecture consistent with the
code as the application is fully developed. That is, the implementation activity cannot turn
its back upon the preceding decisions and proceed to modify, for example, the application’s
structure without making corresponding changes to the recorded architecture.

With regard to implementation strategies, architecture-based development recognizes
the enormous cost and quality benefits that accrue from generative and reuse-based imple-
mentation strategies. In those cases where full automatic generation is not possible—by far
the dominant case—a set of supportive techniques are emphasized. These include-appli-
cation frameworks and other types of code reuse, which provide significant parts of the
implementation prebuilt.

The watchword for the creation of the 1mplementat10n is its being faithful to, or con-
sistent with, the architecture. The simplest understanding of a faithful implementation is
that all of the structural elements found in the architecture are implemented in the source
code, and that all of the source code corresponds to various parts of the explicit archi-
tecture. It is fair for the source code to contain more details, such as low-level algorithms
for implementing a higher-level concept described in the architecture, but the source
code:

» Must not utilize major new computational elements that have no corresponding ele-
ments in the architecture.

» Must not contain new connections between elements of the architecture (for exam-
ple, such as might be motivated by efficiency concerns) that are not found in the
architecture.

This initial conception of the relationship between the architecture and the source code
is not fully adequate, however, for it does not accommodate some of the legitimate char-
acteristics of reuse-oriented engineering. For instance, an architecture may require the
presence of a component to perform some mathematical functions—a sine and cosine
routine perhaps. The most cost-effective and quality-focused approach to providing an
implementation for that component may be to acquire and use a general math library, one
providing not only sine and cosine functions, but tangent, inverse trig functions, and so on.
Such a component may have interfaces in addition to those required by the architecture,
and will certainly contain subfunctions that do not correspond to.anything identified in
the architecture.

Further issues may come into this notion of faithfulness between the 1mplementatton
and the architecture as it existed before the implementation began. Examination of a
candidate mathematics library may reveal that it provides 98 percent of the functionality
required by the architecture, for a very low price, and at a very high quality level. Analysis
of the consequences of the missing 2 percent of the functionality may lead the designers to
conclude that the missing functionality will be acceptable under most usage situations, and
for the cost savings realized, (1) choose to use the library, and (2) revise the specifications

"of the system, including the architecture, in accordance with the reduced functionality.

The critical point is that the architecture is always kept in a consistent state with the
implementation.
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2.4.1 Implementation Strategies

A variety of techniques are available to assist in the faithful developmentof the implemen-
tation from the design, including generation technologies, frameworks and middieware,
and reuse. Choice of the techniques is largely determined by availability. Generative tech-
niques, when available, are often the best: The implementation is generated automatically
and is'of very high quality. The reuse- -based techniques come next: Implementation time
is significantly less than programming the entire implementation from scratch and quality
is similarly better. Least-desirable is writing : all the code manually: The project cost goes
up significantly due to extended development and quality-assurance time. These various
approaches are discussed below. -

The use of generation technologies is the easiest and most straightforward way of
ensuring complete consistency. between the architecture and the implementation. The
concept is simple: For some narrow application-domains, sufficient intelligence can be
encoded in a tool such thata formal speciﬁca’tion of the architecture can be input to the tool,
and the tool will generate a complete program to perform the functions as specified. One
example of such technology is parser generators, Given the specification of the syntax of a
programming language, a parser generator will generate a program capable of recognizing
programs written in the language specified by-the grammar. Choice of the parser generator
determines the required form of the language specification and determines the structure of
the generated parser, such as recursive descent or SLR(1) (for a list of such tools; consult
online resources such as (The Catalog of Compiler Construction Tools 2006) or (Heng). Bear
in mind, of course, that this technique does not generate a compiler; rather only the front
end that handles lexical and syntactic issues. The point is that the development engineer’s
labor can be directed to semantic issues concerning what to do- when a sentence in the
language is recognized by the generated parser.

The great attraction of generative technologies is, of course, that no human labor need
be spent on programm'mg The limitation of the technique is just as obvious The approach
andbounded that generatlon is feasible. ,

‘For domains that do not satisfy the rigorous requirements.of generatwe technologles,
an effective approach is the use of frameworks. An architecture-implementation framework
is a piece of software that acts as a bridge between a particular architectural style and a'set
of implementation technologies. It provides key elements of the architectural style in code,
in a way that assists developers in implementing systems that conform to the prescriptions
and constraints of the style. Frameworks may be extensive, requiring only minor portions
to be completed by hand, or may be very basic, only offering help in implementing the
most generic aspects of an architecture or architectural style. In any case, the places where
hand work must be done are defined in advance. The developer need not, indeed must not,
stray from doing work only in those locations, and must do the work in those locations in
such a way that it does not violate the design of the framework or of the architecture.

The role of frameworks in the implementation of an architecture is placed in context in
Figure 2-1. Framework selection and development is an integral part of architecture ‘based
system 1mplementatxon because the framework provides the bridge between concepts from
the architecture and concepts from the platform (that is, programming language and operat-
ingsystem). Ifa framework does not exist for a particular combination of architectural style
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Figure 2-1.
Frameworks and
the implemen-
tation activity in
the context of
development.
Activities are
shown in the left
column; artifacts
are in the central
column; notes
are on the right.
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and platform, conscientious developers will generally end up implementing one anyway
because of the general software engineering prmcnples of abstraction and modularity—
frameworks encapsulate key features effective in mapping architectures to implementations.

~ As examples, common frameworks in extensive use are those targeted at supporting
implementation of user interfaces. Both the Microsoft Foundation Classes (MFC) and
the Java Swing library represent frameworks that provide the user with common user
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interface widgets and interaction methods in object-oriented libraries. More than simply
providing a set of facilities that users can take advantage of, these frameworks fundamentally
influence the architectures of systems that employ them. For example, both frameworks
(to some degree) manage concurrency and threading—the frameworks themselves create
and manage the threads of control responsible for gathering user input events from the
operating system and dispatching them to processing code developed by the user.

Related to frameworks, as aids for assisting in the implementation of architectures, are
middleware technologies. Middleware comes in several varieties, some of which provide an
extensive range of services, but as a whole they typically support communication between
software components. As such, middleware facilitates the implementation of connectors—
the architectural elements responsible for providing communication between components.
The developerhas complete responsibility for implementing an architecture’s components’
business logic, but relies on: middleware for implementation of connectors.

Commonly found middleware includes CORBA and Microsoft’s DCOM (for sup-
porting communication between remote objects), RPC (for remote procedure calls); and
message-oriented middleware (for delivery of asynchronous messages between remote com-
ponenits).

Generative technologies, frameworks, and middleware thus represent a spectrum of
generic and widely used ‘technologies for assisting in the faithful implementation of an
architecture. These technologies progress from fully automatic, to pamally automatic, to
providing help with the implementation of connectors. -

Less generic; but no less important, is the reuse of software components, whether

commercial off-the-shelf, open-source, or in-house proprietary software: The key issue of
such reuse, as it pertains to the faithful implementation of an architecture; is the degree to
which the functionality; interfaces, and nonfunctional properties of a candidate component
for reuse match those required by an architecture. In the (unfortunately) unlikely event
that a perfect match:exists, the job is done: In the common case, namely involving'some
degree of mismatch, the issues and choices are difficult. One strategy, which preserves
- the architecture as specified, is to encapsulate the preexisting component inside a new
interface so that the thus-modified component exactly meets the' requirements of the
architecture. While this technique can be successful, a more likely circumstance is that
performing such encapsulation still will not be economically or technically viable: In such
cases, a decision'needs to be made: whether to revise the architecture in sucha way as
to enable the reuse of the component, or to abandon this particular preexisting code and
either search for altematlves Or Create a new component from: scratch. This ‘choice is a
difficult one. ‘

- In-absence of any technology toassist the ‘developer in creating source code falthful to
the architecture, the implementation must be developed manually. In such'circumstances,
the programmer must rely upon discipline and great care, for this can be the “great divide.”
To the extent that the implementation differs from the'architecture that resulted from-pre-
ceding development activities, thatarchitecture does not characterize the application. The

-implementation does have an architecture: It is latent, as opposed to what is documented
Fallure to recognize this distinction: '

» Robs one of the ability to reason about the implemented application’s archltecture in
the future. ;
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» Misleads all stakeholders regarding what they believe they have as opposed to what
they really have.

« Makes any development or evolution strategy that is based on the documented but
inaccurate architecture doomed to failure.

Chapter 9 takes up these various issues in detail.

2.5 ANALYSIS AND TESTING

Analysis and testing are activities undertaken to assess the qualities of an artifact. In the
traditional waterfall, analysis and testing are conducted after the code has been written,
in the testing phase. In this context, the artifact being examined is the code; usually the
quality being assessed is functional correctness, though properties such as performance may
be examined as well. Analysis and testing activities do not have to be confined to occur
after programming, of course, and many excellent development processes integrate these

. activities within the development activity. As long as an artifact exists that is susceptible

to analysis for a defined property, that analysis can proceed—whether the artifact is a
requirements document, a description of the application’s structure, or something else.
One of the virtues of conducting analysis before code exists is cost savings: The earlier an
error is detected and corrected, the lower the aggregate cost.

Given that early detection of errors is a good thing, one must ask why conventional
analysis and testing is almost always confined to simply testing source code. Moreover,
why is such testing performed only against the most basic of specifications, namely the
system functional requirements? The answer is almost always because of the nonexistence
of any sufficiently rigorous representation of an application apart from source code. Rigorous
representations are required so that precise questions can be asked and so that definitive
answers can be obtained—preferably by means of automated analysis aids.

A technically based, architecture-centric approach to software development offers
significant opportunity for early analysis and for improved-analysis of source code. Addition-
ally, the prospect for analyzing propetties other than just functional correctness is present.
In this approach to development, technically rich architectural models are present long
before source code, and hence serve as the basis for and subject of early analysis. (Chapter
8 will present substantial details on architectural analysis, Chapter 12 will extend that
discussion to non-functional properties, and Chapter 13 will delve in particular to archi-
tectural support for security and trustworthiness.) In the few paragraphs below we simply
outline somie of the approaches; details will come after our presentation of archltectures
and architectural models is-on a more precise fcoting. :

Fitst, the structural architecture of an application can be examined for conswtency,
correctness, and exhibition of desired nonfunctional properties. If the architecture upon
which the implementation is(later) based is.of high quality, the prospects fora hlgh—quallty
implementation are significantly raised.:.

As aformal artifact, the architectural model can be exammed for internal consistency
and correctness: Syntactic checks of the model can identify, for instance, mismatched com-
ponents, incomplete specification of properties, and undesired communication patterns.
Data flow analysis can be applied to determine definition/use mismatches, similar to how
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such analysis is performed on seurce code. More significantly, flow analysis can be used to
detect security flaws. Model-checking techniques can analyze for problems with deadlock.
Estimates of the size of the final application can be based upon analysis of the architecture.
Simulation techniques can be applied to perform some simple forms of dynamic analysis.

Second, the architectural model may be examined for consistency with requirements,
Regardless of whether the requirements were developed in the classical way (that is, before
any development of solution notions), or in the modern sense, in which the two-are devel-
oped in concert, the two must be consistent. Such examination.may be limited to manually
performed analysis if the requirements are stated in natural language. Nevertheless, such
comparisons are essential in guaranteeing that the two specifications are in agreement.

Third, the architectural model may be used in determining and supporting analysis
and testing strategies applied to the source code. The architecture, of course, provides the
design for the source code, so consistency between them is essential. Concretely, as the
specification for the implementation, the architecture serves as the source of information
for governing specification-based testing at all levels: unit, subsystem, and system level.

The architect can prioritize analysis and testing activities based upon the architecture,
focusing activities on the most critical components and subassemblies. For example, in the
development of a family of software products, special attention should be paid to those
components that are part of every member of the product family: An error in one of them
will affectall of the products. Conversely, a component that only implements a rarely used
and noncritical feature of one member of the family may be judged to' not merit nearly as
much scrutiny. Testing costs money, and organizations must have a means for determining
the priorities for their testing budget; architecture can provide the basis for some of that
guidance.

In a similar vein, architecture provides a means for carrying forward analysis results
from previous testing activities, with accompanying cost savings. For instance, if a particular
component is reused in.a new architecture, the degree of its-unit testing can be reduced
if examination of the architecture confirms that the context and conditions of use are the
same as (or more constrained than) the earlier use.

Architecture can provide guidance and economies in the development of test har-
nesses. Test harnesses are small programs used to:test components and subassemblies of
larger applications. They provide the analyst with the ability to conveniently and effec-
tively..test the internal: parts. of an application. It can be difficult, for instance, to-use
system-level inputs to fully and economically exercise the boundary conditions of an inter-
ral component. For instance, if an architecture is designed to support a product family,-and

-a small set of components are changed to customize the product for a particular market,
a test harness can be constructed to focus testing on those components: that.comprise the
change set, Each customized. product can thus have a testing regimen emphasmng only
those parts that have changed.

-Architecture can-also provide guidance in dlrectmg the analyst s attention to the ‘con-
nectors in-a system’s implementation. Aswill be discussed in Chapter 5, connectors play
a particularly important.role in some systems! structures, being tasked w1th supporting all
intercomponent communication. The architecture provides an effective way for identify-
ing those points of special leverage; and hence can aid in shaping the analysis and testing
activity. Additionally, some connectors offer particularly. effective opportunities for non-
intrusive monicoring and logging of applications, which can play a key role in helping an
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engineer develop an understanding of how a system works, as well as assisting in analysis
and testing.

Fourth, the architectural model can be compared to a model derived from the source
code of an application. This is a form of checking your answer. Stated abstractly, suppose
program P is derived from architecture A. A separate team of engineers, with no access to
A, could, by reading and analyzing P, develop an architectural model A’—a model of the
architecture that P implements. If all is well; A will be consistent with A’. If not, either P
does not faithfully implement A, or else' A’ does not faithfully reflect the architecture of
P. Either way, an important inconsistency can be detected. This issue will be discussed in
more detail in Chapter 3.

This abstract characterization is not very practical, as it would likely involve substantial
human labor. But particular features of implementations can be readily extracted and
compared with the architecture. For instance, it is straightforward to extract a model
from source code that shows which components communicate with which others: That
communication pattern can be compared to the corresponding communication pattern in
the architecture and any discrepancies noted. An example of this type of analysis appears
in the following chapter.

As noted above, substantive consideration of the analysis of architectures must wait
until later in this text. Techniques for representing architectures must first be presented (see
Chapter 6). It is sufficient for now to note that architecture-centric development provides
a variety of new and significant opportunities for assessing and hence improving the quality
of systems.

2.6 EVOLUTION AND MAINTENANCE

Software evolution and software maintenance—the terms are synonymous—refer to ail
manner of activities that chronologically follow the release of an application. These range
from bug fixes to major additions of new functionality to creation of specialized versions of
the application for specific markets or platforms.

The typical software engineering approach to maintenance is largely ad hoc In abest-
practices situation, each type of change causes the software process to return to whatever
phase that issue is usually considered in,and the development process restarts from that
point. Thus, if new functionality is requested, that requires returning to the requirements
analysis phase and then moving forward in sequence from there: If the change is thought
to be a minor bug fix, then perhaps only the coding phase and its successors are revisited.

The major risk presented by evolution is degradation of the quality of the application.
Intellectual control of the application may degrade if changes may be made anywhere, by
whatever means are most expedient. In practice; thisis precisely what happens. Rather than
following best practices, it is common for only the coding phase to be revisited. The code
is modified in whatever way is easiest. Over time, the quality of the application degrades
significantly, and making successive changes becomes’ mcreasmgly difficult as complex
dependencies between ill-considered earlier changes come to light. ™

An architecture-centric approach to development offers a solid basis for effective
evolution. The key is a sustained focus on an explicit, substantive, modlﬁable, faithful
architectural model.
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2.6 EVOLUTION AND MATNTENANCE
The evolution process can be understood as consisting of the following stages:

« Motivation

o Evaluation or assessment

o Design and choice of apptoach

o Action, which includes preparation for the next round of adaptatlon

The motivations for evolution are many; as noted above. We draw special attention to the
creation of new versions of a product. This motivation does not often appear in traditional
treatments of software ‘evolution, but is common: in the commiercial software industry.
This kind ‘of change raises the topic of software product families, and as discussed in
Chapter 1, supporting product families can be a particular strength of architecture-centric
approaches.

Whatever the motivation for evolution may be, the next step is assessment. The
proposed change, as well as the existing application, must be examined to determine, for
example, whether the desired change can be achieved and if so, how. Put another way,
this stage requires deep-understanding of the existing product s

* It is at this point that the architecture-centric approach emerges as a superior engi-
neering strategy. If an explicit architectural model that 1{§ faithful to the implementation
is available, then understanding and analysis can proceéd efficiently. A good:architec-
tural model offers the basis for maintaining intellectual control of the application. If no
architectural model is-available, or if the-model in existence is not consistent with the
implementation, then .the activity of understanding the application must proceed in a
reverse-engineering fashion. That is, understanding the application will require examina-
tion of the source code and-recovery of a model that provides adequate intellectual basis
for determining how the needed changes can be made. This is time-consuming and costly,
especially when:the personnel involved-are new to the project.

Errors in maintenance: often arise from shortchanging this activity: If there is insuf
ficient understanding: of the existing structure, then plans to modify that structure will
likely fail—~at the points of misunderstanding. In contrast, a good architectural model
offers ‘a-principled basis:for deciding whether a desired modification is reasonable:. A pro-
posed change may be found to be too costly or detrimental to system properties to warrant
development:‘Only with a 'good intellectual grip on the existing architecture, as well as
the proposed change, can'such a determination sensibly be made. The net effect of ‘this
principled approach will be the maintenance of architectural mtegrrty and the attenuation
of requirements volatility. ‘ :

The next stage in evolution is development ofan approach to satlsfy whatever réquire-
ment motivated-the activity: Several courses of action likely will be'identified; so a further
step of choosing among’ altematives is required:"Once a course ‘of ‘action is determined,
it must be put into action. For changes of even'moderate significance, the first artifact to
be modified should' be the model of the architecture. In particular; if the change needed
pertains to- the architecture, then changing the architecture is the place to begin: After
changing the architecture corresponding changes to code can be made. The critical matter,
of course, is maintaining consistency between the architecture and the 1mp1ementatlon
Tools can help with this task. ; e
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CHAPTER 2 ARCHITECTURES IN CONTEXT: THE REORIENTATION OF SOFTWARE ENGINEERING

A mistake to avoid is changing the code first and then planning to revise the archi-
tectural description to match. Following up afterward on that good intention seldom takes
place.

Making the various changes needed to accommodate whatever motivated the
evolution activity should not considered complete until all elements of an application—
architecture and code—are consistent. The reason is simple: Additional needs forevolution
will be identified in the future. If the application is left inconsistent it will sabotage those
future evolution activities. :

Software will evolve, whether one is using an architecture-centric development pro-
cess or not. The question is whether such evolution will proceed efficiently and whether
it will result in the degradation of the quality and intellectual integrity of the product.
Architecture provides the bedrock for maintenance of coherence, quality, and control.
These issues are discussed in greater detail in Chapter 14. -

2.7 PROCESSES

A key theme of this chapter has been that architecture concerns properly permeate the
entire software development and evolution activity. The set-of decisions comprising the
architecture forms: in concert with. the requirements and continues to expand t:hrough
maintenance. The architecture.is thus under constant change. :
Architecture, correspondingly, is not a phase in-a software engineering process; it is a
core, evolving body of information. Indeed, the development of this body of information
may reach back and out to preceding applications and other applications. ;
“The centrality of architecture to software development, and. the insights that arise
from a focus on architecture, are unfortunately totally obscured in traditional characteriza-
tions of the software development activity. Traditional software process discussions make

‘the process activities the focal point; the architecture (and hence the product!) is often

nowhere to be found. Equally bad, the standard software development processes encour-
age, if not enforce, sharp divisions between: various types of development activities..For
instance, the waterfall and spiral models both separate the activity of requirements deter-
mination from the activity of design development. As we have seen, such boundanes are
not warranted and indeed are counterproductive. - :

Simply stating, however, that software development processes should be archltecture—
centric does not by any means say.that there is asingle correct way to proceed in-application
development. Different organizationsand engineers will want to adopt particular strategies
to best take advantage of their particular organizational strengths and preferences. Equally
important; different development settings (for example, knowledge, preexisting develop-
ments, component libraries, codified architectures) will demand-that different prominence
be given to the various types of development activities, -and. those activities will vary.in
the amount of time required for their completion. :

Comparing, -or even understanding, different strategies for software development
requires a means for describing those strategies.. A good.descriptive formalism for char-
acterizing strategies will-provide a way of not only showing what activities are: occurring
when, but will give.appropriate and effective prominence to the central role of architecture
(and all other project artifacts) in the formation of the software product: Accordingly; we

{
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2.7 PROCESSES

now present the turbine vzsuahzanon of softwa're development, and use 1t to portray a variety
of development strategies. . .

2.7.1" The Turbme Vlsuallzatlon

The turbine v1suahzat10n isa means s for depicting an integrated set of software development
activities in which the central role of software architecture in the evolution of the product
can be prominently shown———lf mdeed it is central. The visualization accounts for the
following independent aspects of software evelopment: -

+ Time ;
« Kinds of activities active at any
o Effort (for eéiample, labor hoursi
¢ Product state (for/éi(ample, total

any given tlme) /

The vtsualrzatlon also shows a v
effort over tlme—demarcated ph

is he c core represents the software product
(the architecture plus all the other arttfaets" comprising the product); the rings represent
time-demarcated phases of activity—all aspects of development or evolution.

The simple, unidirectional waterfall is as simple in the three-dimensional turbine
visualization as it is in its traditional depiction—save that the role of the software product
is now evident. A nominal waterfall process is shown in three-dimensional perspective in
Figure 2-2. An annotated side view of the same process is illustrated in Figure 2-3.

The bottom ring of the waterfall turbine example begins with anull core, consists solely
of the requirements analysis activity, and finishes at t; with a core consisting solely of the
requirements docutent. The second'rmg begins at t;, consists solely of the design activity,
and completes at t3, vﬁth the core now consisting of both the requirements document
(unchanged since ;) and the design document. The third ring consists solely of the coding
activity, and the fourth solely of the testmg actwtty Each ring adds one more element to
the core. The added va t,by portraying the growing core, the
set of existing product e ting phase, for instance, visibly has
reference to not only the de) but the requirements that the code
is supposed to satlsfy—-——m ests developed during the requirements
phase. & : i

A cross«sectionfshows
ring is proportional to the nu

tagiven pointin time. The area of the
S ‘currently being invested in the project.
The area of the core indicat he product at that same time. Subregions
of the core show the rel: development of different 1 parts of the product. An example is
shown in Figure 2-4, at time ¢; from Figure 2-3. The only activity is Design and the core
consists of only the two documents sh

The thrckness of aring denotes the time perlod during which the (possibly multiple,
concurrent) activities of that ring are active, that is, its duration. Consequently, the vol-
ume of a ring (thickness multiplied by area) represents the investment made during that
ring: the product of the time that ring was active and the investment made during

Sony
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44 CHAPTER 2 ARCHITECTURES IN CONTEXT: THE REORIENTATION OF SOFTWARE ENGIN

Figure 2-2.
The
unidirectional
waterfall model
as depicted by a
turbine, shown
from an angled
perspective.

Time

Figure 2-3. “Core” of project artifacts

Side view, \

annotated, of the

simple process
depicted in Radius of rotor !
Figure 2-2. indicates level of Testmg

staffing a time ¢

“Gap” between rotors
indicates no project
activity during that time

Coding

Design

Requirements
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that ring. (Rings do not need to ha
ti+1, but we will make that simplit umption for the moment.)

Not all projects proceed inanu rrupted fashion, so gaps between rings represent
periods of inactivity in a project. During such gaps the core is nominally constant—though
if project data gets lost, the core would shrink correspondingly. Rings may be divided into
subareas; each.of which represents a type of activity going on at that time. The activities
shown in the subareas are concurrent: The relative size of the subareas denotes“ the share of
the labor directed at that type of activity-at that particular point in time. -

A more complicated and more realistic illustration that involves multiple ¢concurrent
activities is shown in Figure 2-5; a side view for this nominal project is shown:in Figure 2-6.

me cross-sectional area at t; as they do at time

Assessl...
Test/Build/Deploy

Build/Design/
Requirements/Test

Design/Build/
Requirements

Requirements/Architecture
assessment/Planning

Sony
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Figure 2-4.
Cross-section of
turbine from
Figure 2-3-at
time t;.

Figure 2-5.
Example turbine
visualization,
shounina

three-dimensional

perspective view,
with rings shaded
by type of
activity.
Transparency is
used to enable
seeing activities
otherwise
obscured.
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Figure 2-6.
Side view of the
project shown in
Figure 2-5.

Figure 2-7.
Cross-section of
turbine at time tg.

CHAPTER 2 ARCHITECTURES IN CONTEXT: THE REORIENTATION OF SOFTWARE ENGINEERING

Assessment/...

Test/Build/
Deploy

Build/Design/
Requirements/Test

Design/Build/
Requirements

Requirements/Architecture
assessment/planning

Cross-section S, shown in Figure 2-7, represents the state of the project at its begin-
ning. The diameter of the core of the project is significant, representing substantial
knowledge and resources carried forward from previous projects. The activities at time to
include architecture assessment (that is, evaluation of architectures from previous projects),
requirements analysis, and project planning.

Architecture
assessment

Architecture artifacts
from prior projects

Regression tests

Project
planning

Implementation
frameworks

Requirements
analysis
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b
ey

Architecture artifacts
+w{rom;prior: projects .-

Structural Architecture’
Regression‘tests

lmplemén{aﬁon
frameworks

Code base Other

activities.:

Requirements

Requirements
analysis

5

Cross-section Sy, shown.in Figure 2-8, represents the state of the project at time t;.
The core of the project has grown significantly, and particular subelements of the core are
shown. The relative mix of the activities at t;.has changed also: A preponderance of the
activity is devoted to design of the application’s structure. A small amount of requlrements
analysis is still active, and some implementation is underway.

Cross-section Sy, shown in Figure 2-9, represents the state of the project near the time
of its formal conclusion: The core shows arobust architecture, implementation, deployment
processes, testing scripts, ‘test tesults; and'so on. The actlvxty level is low, wnth remammg
activities focused on capturing léssons learned: ¥

Viewed as a whole (Figure 2-5), it is evtdent that the purpose of the rings is to butld
the core: In'other words; the purpose of the development activities'is to‘create the prod-
uct, in all'its various details. These details and structures are abundant at the end of the
development activities. This-also hlghhghts how a wise organization ‘must treat this'core:
It is a composite asset of consnderable size and value, and should be managed post—pro; ect,
accordmgly o S , o Bvmdoaan 2 i 5

“Before going on, a few comments on the analogy used in‘naming the v1sua11zatlon are
in order. Turbines are, of course, the engines that propel aircraft, generate hydtoelectricity,
and power myriad other devices. The core of such turbines is the fluid that flows through
them. With jet turbines the fluid is air; the “rings” of a jet turbine’include the comptessors
with their fan blades whose job it is to compress the air, pushing it into the combustion

47

Figure 2-8,
Cross-section of
turbine attime'ty .
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Figure 2-9.
Cross-section
of turbine at
time t,.

CHAPTER 2 ARCHITECTURES IN CONTEXT: THE REORIENTATION OF SOFTWARE ENGINEERING

Analysis of
Lessons Leamed

Architecture artifacts
from prior projects

Structural Architecture

Regression tests,

Implementation
frameworks

Code base

Requirements

‘Documentation

Libraries

Test cases

Test scripts

" Domain models

Deployment processes

chamber, where fuel is'added and ignited. Other rings behind the combustion chamber
contribute to the overall process, in which the air, now in large volurne and at hlgh speed
exits the engine..- : i

~The:analogy. to, software development is only a mlld one. and should not: be pressed
veryfar. But the product is the focus of the turbine; each ring.and element contributes
to that product. The air flows through. the turbme. and is touched by:each:of the various
rings. So,.too, does the software product snd the drchitecture; in particular, represents the
core of software development. It is touched and (it is hoped) enhanced by each aspect. of
software development. In contrast to a physical turbine, however, each ring of software
development genuinely adds to the core, not just heatmg it-up: (Other difficulties—or
advantages—of the:analogy, such as the rmgs spmmng in c1rcles and the product ]ust being
hot alr, are strictly unauthorized!).. : , :
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2.7 PROCESSES

2.7.2 Example Process Depictions

Two further examples are shown now, : :
highlights distinctive aspects of’these 3

A Robust Domai
Figure 2-10 shows
preexisting domam—speaﬁd ]
televtsxon exampl

Agile Development
The turbine visualization

lternatwe approaches to software
nal aglle development process. Agile
concurrency between a variety of
ellc1t ion and development of tests, for
instance. As the developmen prc activities do not cease, for example, once
code development is begun. Indeed all of these activities continue throughout the project.

As the skinny core of the turbine model indicates, however, the agile process denies
development of any explicit architecture; rather for the agile developer the code is the
architecture. The visualization indicates that the agile process starts with a core that is
devoid of any archltecture and terminates smnlarly A large body of code may be present,
along with, perhaps, requxrements documents or user guides, but no explicit record of the
fundamental desxgn decnsxons, such as the apphcatlons archltectural style.

Deployment
Capture of
new work
Other

Parameterization

Customization

Assessment
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Figure 2-10.
A development
process based on
anexisting

domain-specific

software

architecture and
reuse library.
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50 CHAPTER 2 ARCHITECTURES IN CONTEXT: THE REORIENTATION OF SOFTWARE ENGINEFRING

Figure 2-11.

Turbine

visualization of a

notional agile

development

process.

The problems with this approach are made clear when a follow-on project is required.

That is, if at some point after the first agile project completes its development, a follow-
on project is required to have the application meet some new demand. Unless the same
development team—with excellent memories—is employed on the subsequent project,
an initial project model such as shown in Figure 2-12 may be anticipated. In particular,

Figure 2-12.

Initial portion of

a turbine model

of a phase 2 agile

process.

50% Requirements
analysis and
architecture assessment

50% Architecture
recovery

The project artifacts produced
by the previous project
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“of
detail
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Implementation dependence

a significant ring of activity will be required at the beginning of the project to. simply
understand the existing code base and partially recover the latent architecture so that
planning for how: to meet the new'needs can proceed.

Other Processes and Process Models

A variety of researchers and organizations have promulgated processes that, to a greater
or lesser extent, show the special role of architecture in'development: One of the best-of
these is Professor:Bashar Nuseibeh’s Twin Peaks model Nuseibeh (Nuseibeh 2001): Twin
Peaks emphasizes the co-development of requirements and architectures; incrementally
elaborating details. The model is illustrated in:Figure 2-13, Wthh is denved from the
Twin Peaks paper..

It is left as an exercise for the reader to create a turbine v1sualxzat1on of the Twm Peaks
process shown in the figure. It should also be noted that the Twin Peaks work is representa-
tive of recent work in requirements engineering that is now giving much more prominence
to the role of destgn and ex1stmg archltectures in the activity of product conception:

Sony v. Quantum

Figure 2-13,
Twin Peaks
model of
development.
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2.8 END MATTER

This chapter has shown how a proper view of software architecture affects every aspect of
the classical software engineering activities and reorients those activities. Any practitioner
can have his work informed and changed by .an-understanding of software architecture, to
the project’s benefit. In summary,

« The requirements activity is seen as a co-equal partner with design activities, wherein
previous products and designs provide the vocabulary for articulating new require-
ments, and wherein new design insights provide the inspiration for detailed product
strategies and requirements.

o The design activity is enriched by techniques that exploit knowledge gained in pre-
vious product developments. Designing infuses the entire development and evolution
process, instead of being confined to a stand-alone activity.

o The implementation activity is centered on creating'a faithful implementation of the

architecture and utilizes a variety of techniques to achieve this in a cost-effective man-

ner, ranging from generation of the source code to utilizing implementation frameworks

to reuse of preexisting code. g

Analysis and testing activities can be focused on and guided by the architecture, offering

the prospect of earlier detection of errors and more efficient and effective examinations

of the product. Higher quality at a lower price should be the result.

Evolution activities revolve around the conceptual bedrock of the product’s architec-

ture. Critically, it-provides the means for reasoning about possible changes and for

conveying essential understandings of the product to engineers who are new to the
project. : -

« An equal focus on process and product results from a proper understanding of the role
of software architecture in the development activity. The turbine visualization enables
insight into a development process's-full character, as it can reveal the extent to which
activitiesare intermingled (likely a very good thing) and especially the extent towhich
the corpus of project artifacts changes over time:

Despite these insights, attempting to appropriate and apply these ideas without fur-
ther detail and technical support is difficult and subject to the limitations of a designer’s
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organization and self-discipline. It is the purpose of the following chapters to provide
the representational basis for describing architectures effectively and the technological
basis for incorporating architecture into a professional approach to the development of
software applications. Chapter 3 proceeds to put the concepts.on a firm definitional foot-
ing; Chapter 4 then proceeds to.describe how to design systems from an architectural
perspective.

‘The Business
Case foy
Architecture-
centric
Develop-
ment

2.9 REVIEW QUESTIONS

1. Doesobject-oriented design impose an architecture on 3. Suppose a feature-addition request is given to a devel-
an application? Why or why not? opment team that has not previously worked on the
2. Is an architecture-centric viewpoint more consistent product in question. How might the team proceed if
with the waterfall model or Boehm’s spiral model of it is not in possession of the product’s architecture?
software development (Boehm 1988)? Why? If it is in possession of an accurate, rich architecture!?

Sony Exhibit 1018 Page 79
Sony v. Quantum  IPR2023-00954



54

CHAPTER 2 ARCHITECTURES IN CONTEXT: THE REORIENTATION OF SOFFWARE |t

2.10 EXERCISES

1.

o
By

L

6.

For some application that you have developed,
describe its architecture, as built. Is that the same
as the design you originally developed for the
application? What accounts for any differences you
observed?

. Describe an application for which you can develop a

complete, adequate requirements document without
any recourse to thinking about how the system might
be built. Describe an application for which you think
it would be difficult, if not impossible, to describe
the requirements without recourse to architecrural
(“how to”) concerns.

Investigate the history of an influential software
product, such as spreadsheets (for example, VisiCalc,
Lotus 1-2-3, or Excel), or a service product (for exam-
ple, eBay or Google). What role. did requirements
analysis play in the development of the product? How
early were design prototypes created?

. Develop three alternative architectures for a sample

problem (such as a simple video game like Tetris or
an address book). What makes them different and
how did you arrive at the architectures?

. Consider the application domain of video games,

in particular very simple games based on the idea
of landing a spacecraft on the moon by controlling
the amount of descent thrust. Create a glossary for
use in requirements descriptions, including such key
terms as descent rate, controls, display, and score. Do
notions of solution structure affect development of
the definitions? If so, how?

Do Exercise 5, but for the domain of spreadsheets.
Make sure your glossary includes all the terms needed
to fully characterize the spréadsheet’s concepts.
How does a company build market niche? How
could that affect the company's approach to software
processes?

. Is it easier to build a parser for a programming

language by manually programming in an object-
oriented language, such as Java, or use a parser
generator, such as ANTLR or Bison? What assump-
tions does your analysis make?

9.

With regard to Exercise 8, what does implementing a
parser using a parser generator entail? Where did the
architecture of the (generated) parser come from? -

. With regard to Exercises 8 and 9, if you were respon-

sible for testing both a manually written parser and
a parser generated by a parser tool, how would your
testing concerns and strategies vary between the two

products? Why?

. Abstract requirements may work on small problems

wherein the engineer can, after specification, devise
many solutions quickly, or there may only be a small
number of solutions, and the total time involved
in finding one solution starting from scratch is not
so great as to matter. But above a certain thresh-
old, it appears that it becomes either economically
inefficient to pursue this course of action or it is intel-
lectually too difficult to pursue this practice, or both.
Describe a small domain where you illustrate this
point. In which domains do you think that the use of
abstract requirements have been most effective? To

-what do you attribute the success?
. The chapter described how the width of a rotor in

the turbine visualization should be proportional to
the amount of labor directed at the development
activity at a given point in time. For example; the
width could be a function of the number of labor
hours per day-devoted to development. What should
the width of the turbine’s core be? It should be a
measure of the information space of the project. Con-
sider the relative merits of measuring: the number of
megabytes of project artifacts, the number of project
artifact files, and the number of source lines of code
or text documents. What other measures could be
used?

. Drawa turbine visualization of a notional Twin Peaks

software development process.

. Draw a turbine visualization of a notional soft-

ware project that follows the Unified Process [see
(Kruchten 2000; Larman 2002; Schach 2007) for
example explications]. )
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2.11 FURTHER READING

Substantive presentations of sofiware engineering and
software .development processes can be found in any
of several excellent textbooks, such as those by Ghezi
et al. (Ghezzi, Jazayeri, and Mandrioli 2003), and-van
Vliet (van Vliet 2000).

Problem solving and design in general has been addressed
by many authors. Design is the focus of Chapter 4, and a
variety of readings are listed at the end of that chapter.
Polya’s original book on problem solving—which largely
focuses on the solving of problems in mathematics—is
readily available (Polya 1957). Some general reflections
on design and the design process include Schén’s classic
The Reflective Practitioner (Schén 1983), Don Norman’s
insightful book on The Design of Everyday Things (Nor-
- 'man 2002), and Nelson’s treatment of the traditions and
practices of design (Nelson and Stolterman 2003 ). For the
engineer in all of us, Henry Petroski’s books are a delight,
exploring the design of things from bridges to paperclips,
but they are especially valuable in revealing the role of
failure in achieving new designs (Petroski 1985, 1992,
1994, 1996). Several detailed stories of how design of
the F-15, F-16, and A-10 aircraft were, or nearly were,

subverted due to loss of focus on the core architecture
are told in Boyd: The Fighter Pilot Who Changed the Art of
War (Coram 2002). The history of the design of washing
machines, mentioned briefly in the text, is presented on-
line in a variety of Web sites, including www.sciencetech.
technomuses.cafenglish/collection/wash1.cfm and www.
historychannel.com/exhibits/fhometech/wash.html.

Excellent presentation of contemporary thinking on the
process of requirements analysis can be found in the works
of Jackson, van Lamsweerde, and Nuseibeh (Jackson
1995; Jackson 2001; Nuseibeh and Easterbrook 2000; van
Lamsweerde 2000). Object-oriented design is explained
in most modern software engineering textbooks, such
as those listed above. Software analysis and testing is
explained in detail in Pezzé and Young's textbook (Pezze
and Young 2007).

The Twin Peaks model of development was presented in
a short paper in IEEE Computer (Nuseibeh 2001). Sub-
sequent work has explored more deeply the relationship

between requirements and architecture; see for example
(Rapanotti et al. 2004).
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‘Basic Concepts

The preceding chapters informally discussed a number of software atchitectural
notions, such as software components and connectors, their conﬁguratxons in'a given
system; relatxonshlps between a system’s requirements, its arch1tecture, and its imple-
mentation; and software product lines. These ideas served to provide context for the
field of software architecture, situate it within other facets of software engineering, and
motivate its unique role and importance. Indeed, we have generally avoided definitions
of terms in thé hope that the reader will more readlly recognize many of the discussed
concepts within his own experience, or be able to'relate the architectural coneepts to
those with which he is already familiar.

While informal terms have a useful role in introducing concepts, the uncertainties
that result can hinder deeper understanding. Hence, the objective of this chapter is
to define the key terms and ideas from the field of software architecture, providing
a uniform basis for their discussion i in the remainder of the book. Key elements of
architecture-centric design and their mterrelatnonshxps, basic techmques and processes
for developing a software system's archxtecture, and the relevant stakeholders and their
roles in architecture-based software development are. presented and dlustrated with
simple examples.

Outline of

Chapter 3
57
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