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Nume Summary Uise Ir When .. Avoid It When .,
Peer-to—Peer ,

‘ Peers hold state and ... peers are distributed in a . trustworthiness of ©
behavior and can act'as ' network, can'be heterogeneous, - 1ndependent peers cannot
both clients and servers. and mutually independent.” = ‘be’assured or managed.

... tobustness in face of . .. designated nodes to
independent failures and high  support resource discovery
scalability required. unavailable.
More Complex Styles
C2 Layered network of ... independence from substrate ... high-performance
concurrent components technologies required. across many layers
‘communicating by . heterogeneous applications. required.
events. . support for product—lmes ... multiple threads are
: ‘desxred. ‘ inefficient.
Distributed Objects instantiated on ... objective is to preserve ... high overhead of
objects different hosts. ~illusion of location-transparency. supporting middleware is
excessive.

. network properties are
unmaskable in practlcal
terms.

are often ignored, with a frequent willingness.to.compromise the quality and longevity of
a system in order to, for example, decrease a new version’s-time to market. This attitude,
coupled with the complexity of the involved systems and the sloppiness with which the
changes to them are often documented, dlrectly contributes to numerous recorded cases of
architectural-erosion. e

Evclving a system with an undocumented ‘or documented but degraded archltecture
poses tremendous challenges to engineers. It results in a real danger that the modifica-
tions-intended to:provide new functionality will be implemented incorrectly and those
intended'to remove a particular'problem in the existing system will cause other, unfore-
seen problems. To deal with this issue, researchers and practitioners typically have engaged
in architectural recovery, a process whereby the system’s architectural design is extracted
from its other arttfacts, which are likely to be updated more reliably than the design 1tself
These. artlfacts may include requirements, formal spectﬁcatxons, test plans, and so on.
However, most frequently, design tecovery uses a system’s 1mplementat10n as the starting
point.

Simply put, then, the task of design recovery is one of exammmg the existing code
base—both source code and possibly binary files for any externally developed functionality
that is reused off-the-shelf—and determmmg the system’s components, connectors, and
overall topology. As with other architectural tasks, the goals of recovery will be viewpoint-
specific.

/A’ common approach to architectural recovery is clustering of the implementation-
level entities into architectural elements. Based on the approach used for grouping source
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4.5 REFINED EXPERIENCE IN ACTION: STYLES AND ARCHITECTURAL PATTERNS 143

code entities, such as classes, procedures, or variables, software clustering techniques can
be divided into two major categories: syntactic and semantic clustering. ,

Syntactic clustering focuses exclusively on the static relationships among code level
entities. This means that the design recovery activity can be performed without executing
the system. The functional characteristics or meaning of the code-level entities are not
taken into consideration. Instead, the entities are grouped together based on naming con-
ventions ot the existence of particular relationships between them. For example, if source
code analysis shows that one class is encapsulated inside another; the two classes can be
grouped together to represent (a part of) a single system component: More examples of rela-
tionships of this kind include variable and class references, procedure calls; use of packages,
association and inheritance relationships among classes, and so on. In addition, syntactic
clustering approaches can embody intercomponent (aka coupling) and mtracomponent
(aka cohesion) connectivity measures: ,

.The major drawback of syntactic clustering is that it may ignore or misinterpret:many
subtle relationships and interactions among the implemented system’s entities. This is par-
ticularly the case with dynamic information, such as the interaction frequency between
two-classes or the actual ' method invoked in the case of polymorphism: This problem is
remedied by semantic clustering; which includes all- aspects of a system’s domain knowl-
edge and information about the behavioral similarity of its entities. This means that all
implementation constructs with similar functionality can be grouped together to form a
software component. For example, all classes that provide support for checking the uses’
authenticity can beclustered into a single component. Although this approach ‘may pro-
vide more meaningful components, it requires interpreting the system entities” meaning,
and-possibly executing the system on arepresentative set of inputs. In order to infer the nec-
essary information, semantic clustering may also require that the system be instrumented
and monitored during execution. Another potential difficulty is that semantic clustering
techniques tend to be domain- or application-specific, so that their rules cannot be easily
applied to an arbitrary system. S

Note that, even if correct and complete structural and behavioral mformatlon about
the system were available to a clustering technique, akey challenge that remains is recover-
ing design intent and rationale. For example; it may not be obvious which of the recovered
architectural elements were meant by the system’s designers to play a central role in the
system. This information may be obscured by the implementation. It may also depend
on the architectural style(s) used to guide the system’s initial design; at the same time,
it may not be clear from the implementation what those styles were and whether they
are still appropriate. Without this information, it may be difficult to separate principal
characteristics of the system from the less critical and even accidental ones.

The Apache
Architecture
Recovery
Project
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4.4 ARCHITECTURAL CONCEPTION IN ABSENCE OF EXPERIENCE
UNPRECEDENTED DESIGN

The primary focus of this chapter has been to indicate how to identify a feasible set of
“alternative arrangements for the design as a whole” through the application of experience.
Refined experience as codified in architectural patterns and styles has been a major focus,
since they are so broadly and commonly useful. Even when experience has not been codified,
it may still be found in preexisting systems, hence the discussion of design recovery. Novel
design challenges do exist, however. As designer J. Christopher Jones (Jones 1970, pg. 24)
said, “ ... the principle of deciding the form of the whole before the details have been
explored outside the mind of the chief designer does not work in novel situations for
which the necessary experience cannot be contained within the mind of one person.” At
a minimum, if a designer is ignorant -of relevant experience, for that designer the new
problem is indeed a novel one.

It should be obvious that the first effort a designer should make in addressing-a novel
design challenge is to attempt to assure himself that it is genuinely a novel problem. The
cost differences are the reason: If experience can be applied; a much quicker and cheaper
route to a solution is available. One risk is the “sien song of novelty.” Tackling novel
problems is fun; the added challenge and the opportunity to display creativity is a winsome
combination.: So, be careful to assess a problem: carefully—the sheer delight of a new
problem can be enjoyed.most delectably if the novelty is indeed genuine.

... Assuming that the designer has made a good-faith effort to map a new problem to exist-
ing solution strategies and has concluded that the problem presents sufficient differences
to demand a greenfield effort, a variety of techniques are-available to assist the designer.
The essence is to adopt a design strategy and to.control that strategy.

Basic Strategy

Failure to meet the needs of a new design challenge with approaches based upon past
experience demands a rethinking of the problem. and -approaches to its solution. The
multitude of authors who have discussed this situation—which exists in all fields of design,
whether software-focused or not—essentially. recommend the following process:

1. Divergence
2. Transformation
3. Convergence

Divergence is a step taken to shake off the confines of inadequate prior approaches
and discover, or admit, a variety of new 1deas, conceptions, and approaches that offer the
promise of a workable solution.

Transformation is a combination of analysis and selection: based upon the information
from the divergence step, solution possibilities and new- understandmgs of or changes to
the problem statement are examined and formulated. =

Convergence is the step of selecting and further reﬁnmg ideas until a smgle approach
is selected for further detailed development. ™
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As Jones said:

. the aim of dxvergent search is to de-structure, or to destroy, the original brief
whlle identifying these features of the design situation that will permit a valu-
able and feasible degree of change. To search divergently is also to provide, as
cheaply and quicklyas possible, sufficient new experience to counteract any false
assumptions that the design team members, and the sponsors, held at the start.

(Jones, p. 66)

There are both difficulties and risks in the critical first step. One difficulty is simply
breaking free from prior understandings and approaches to the problem area. The desire to
cling to the old tried and true approaches is common both in individuals and in organiza-
tions. The old approaches were the basis for whatever success the person or company has
achieved to date, so moving into new territory likely will be viewed skeptically. Examples
abound in-ordinary life; whether the topic is new transportation systems, medical treat-
ments, or communication technologies, new approaches often have difficult entry into
practice. .

The flip side of not adequately stepping away from better—understood approaches and
techniques is not anchering wide exploration in assessments of costs and benefits. Suppose
one hundred new solution possibilities emerge from:the divergence step: Should-all be
explored fully, to determine which one is best? Supposing one thousand possibilities emerge?
Thekey is that the designer must make realistic judgments of the magnitude of the perceived
penalties for not exploring a given alternative. The cost of analyzing a given approach must
not exceed the value obtained by performing the analysis.

Yet another risk is tunnel vision. This occurs when an approach is explored that breaks
sharply from previous practice, but enthusiasm for that one approach stifles any attempt to
explore other novel alternatlves It is a difficult balance

A Fighter
Pilot on
Design
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Detailed Strategies

Numerous detailed strategies for helping a designer tackle a novel problem have been
articulated in books and articles over a long period of time. Most strategies are general
and are appropriately focused on the divergence step. They are not specific to software
development. This does not diminish their utility, however, as cookie-cutter solutions are
by their very nature insufficient for novel situations. The need for creative, deep thought
will be uncomfortable and unpleasant for some, but delightful for others. Jones (Jones
1970) catalogs thirty-five techniques; we have selected and adapted below a few of the
most relevant for use in the software engineering context:

Analogy Searching. Theideaof analogy searching is to examine other fields and disciplines
unrelated to the target problem for approaches and ideas that are analogous to the problem
at hand, and formulate a solution strategy based upon that analogy.

A common unrelated domain that has yielded a variety of solutions is nature, in
particular the biological sciences. One arguable success from this approach has been neural
nets: From understanding of how neural networks work in “wetware,” that is, the neural
systems of animals, ideas are offered for structuring software systems to parallel process
certain types of data. Other domains have offered solution ideas such as flow architectures.
Whether the inspiration was sewage systems, circulatory systems, or postal mail systems, a
variety of software systems have flow structures and characteristics that reflect our common
understanding of these physical systems.

Jones’s discussion of analogy searching identifies four types of analogies: dlrect, per-
sonal, symbolic, and fantasy. The examples in the preceding paragraph are direct analogies:
a concept in the domain of the analogy has a correspondent in the design domain.

Personal analogies are rather different; to quote Jones, “The designer imagines what
it would be like to use one’s body to produce the effect that'is being sought, e.g., what
would it feel like to be a helicopter blade, what forces would act on me from the air and the
hub, . ..” (Jones 1970). While this type of analogy initially may seem to.have limited useful-
ness in the domain of software architecture, one might consider its use in the development
of intelligent systems that interact frequently and via various modes with a human user.

Symbolic analogies focus on metaphors and similes “in which aspects of one thing are

_ identified with aspects of another” (Jones 1970). Perhaps the most obvious example of this

in the World Wide Web, and especially with the notion there of broken links—the i 1mage
of a damaged spider’s web is very evocative.

Fantasy analogies are analogies to things which are wishes. A good, and useful; example
is a sky hook—a device for lifting that attaches to the object to be carried on one end and
to the air on the other end. Fantasy analogies can help to temporarily simplify a problem
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such that the remaining parts can be more directly addressed. Naturally one does have
to return eventually to the real world but perhaps by then some feasible strategy will be
identified.

When talking about the archltecture of buildings, every analogy has limitations and
it is important to recognize when those limits have been reached. The utility of analogies
is in providing rich sets of initial concepts for developing a solution to a design problem.
Development of the details can proceed in absence of further consideration of the analogy.

Brainstorming. Brainstorming is the technique of rapidly generating a wide set of ideas
and thoughts pertaining to a design problem without (initially) assessing the feasibility,
desirability, or qualities of those ideas. After the ideas are generated, a period of catego-
rization and analysis of the results begins. Brainstorming can be done by an individual or,
more commonly, by a group. The primary association of groups with brainstorming is based
on the belief that expression of an idea by one individual in a group will trigger a creative
response from another. As:a strategy it is well known.

As many people who have participated in brainstorming sessions have observed, how-
ever, potential problems with:the technique are numerous. A brainstorming session can
generate a large number: of ideas—all of which are low-quality. Sessions can degenerate
into “coblabberation” ot “blamestorming,” to quote Harvard’s David Perkins.

. .Successful brainstorming appears to require advance: planning and careful manage-
ment: Having people come to the session with a set of ideas already prepared and written
can speed.the process, remove awkwardness, and provide some egoless participation. The
use of external facilitators-(meeting supervisors) can help keep the discussion focused and
avoid personality-based clashes. Jones’s view is that the chief value of brainstorming is in
identifying categories of possible designs, not any specific design solution suggested during
asession. Aftera group brainstorming session is over, individuals may continue the process
on their own, or the design process-may proceed to the transformation and convergence
steps. v

Literature Searching. The classic design disciplines have used literature searching—the
process of examining published information to identify material that can'be used to guide or
inspire designers—for decades. The advent of the Web, the ability to search electronically;
and the availability of free or open-source software has breathed new life into this approach
however, making it-especially useful.

Not only are all the historically useful ways of searchmg literature available; but dlgltal
library:collections make searching extraordinarily faster and more effective: For software
designers, ‘the availability -of the ACM Digital Library and IEEE Xplore offer a world
of insightful, deep literature. More generally Google, Google Scholar, and other search
engines offer the ability to:examine a phenomenal base of information.

The importance of these digital tesources is all the more important because, all t00
often; practitioners live in'a small world with limited ability to interact-with practitioners
from:other:companies- ot with researchers=—those people: whose: careers. are devoted ‘to
investigating novel problems. There’s always enough time for yet another group meeting
orsensitivity-training seminar, but never enough time to read a technical magazine, attend
a conference; or take a professional ‘development seminar. Digital library resources offer
some respite from this isolation.
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The availability of free and open-source software adds special value to this technique.
Even if a direct solution to the problem at hand is not freely available, the designer may be
able to devise a solution composed of large pieces of preexisting software, perhaps composed
in a manner totally unanticipated by the original developers.

Last, developers should not overlook the use of the patent database as a source of ideas,
approaches, and inspiration. While learning to read apatent takes a bit of time, the astound-
ingwealth of ideas in the world’s patent databases makes them valuable electronic resources.

Morphological Charts. The essential idea of morphological charts is to (1) identify all the
primary functions to be performed by the desired system, (2) for each function identify a
means of performing that function, and (3) attempt to.choose one means for each function
such that the collection of means performs all the required functions:in a compatible
manner. Put another way, the problem issubdivided into parts, a solution for each subpart is
devised, then (it ishoped) a solution for the whole is created by combining the subsolutions
to the various parts. The trick, of course, is that the functions and subsolutions need to be
independent and compatible with each other. If the functions, or their subsolutions, are not
independent then the designer is bound to consider the functions together. If the chosen
subsolutions are not mutually compatible, then another combination: of subsolutions must
be examined.

A first glance, this technique seems to be nothing more than a fancy name for the
old, and somewhat discredited, top-down design. Its value, however, derives from the fact
that the technique does not demand that the functions be shown to be independent when
starting out; similarly, there is no a priori requirement for the subsolutions toa givenproblem
be developed under the constraint of being compatible with all the subsolutions to other
functions. Recall the overall aim: divergence. The technique offers help in constructing
a variety of approaches. to parts of the overall problem. During the transformation step,
the functions and their subsolutions may be reshaped such that ultimately, during the
convergence phase, a compatible solution is devised.

Removing Mental Blocks. Getting stuck on a problem is nothing new. It is no surprise,
then, to hear that many mental strategies have been promulgated to help designers. Perhaps
chief among these is transformation. For instance, if you can’t solve the problem, change
the problem to one you can solve. If the new problem is close enough to what is needed,
then closure is reached. If it is not close enough, the solution to the revised-problem may
suggest new avenues for attacking the original.

A variety of transformation strategies are available; many of which can be seen and
applied in software architecture. Elements of a solution may be adapted, modified, substi-
tuted, reordered; or. combined to offer new structures.

Jones advocates a strategy of reassessing the design situation. Thls gets somewhat to the
issue of tunnel-vision as mentioned above, but has broad utility. “Matchett’s insistence .
upon continually returning to the 'Primary Functional need’ (that which must be satisﬁed
if the design is to be accepted) is probably the most reliable way of side-stepping a difficulty.
In most cases the designer will be reminded that the sub-ptoblems are of his own choosing
and that he can satisfy the Primary Functional Need with: an entirely different set of sub-
needs if he changes his view of the problem.” (Jones, 1970). Or indeed, if the problem itself

“is changed.
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Additional strategies are-detailed in Stephen Albin’s book, The Art of Software Archi-
tecture (Albin 2003) and other references provided at the end of the chapter:

Controlling the Design Strategies

The potentially chaotic nature of exploring diverse approaches to the problem demands
that some care be used in managing the activity. If the search for novel solutions is uncon-
strained, a great deal of time and money can be wasted. Thls suggests the following four
guidelines (two of whlch are adapted from ]ones)

1. Identify and review critical decisions (that is, perform risk analysis). By identifying
the critical issues, and the consequences of choices regarding those i issues, the
designer’s focus can be kept on track.

2. Relate the costs of research and design to the penalty for makmg wrong decisions;
“the penalty for not knowing must exceed the cost of finding out.” Makinga wrong
“decision may not be the end of the world; if the issue is not of great consequence,
then a suboptimal approach may be acceptable. To'keep making progress it can
be necessary to make a decision, even'a potentially poor one, to enable all'issues

to be surfaced and addressed.

3. Insulate uncertain decisions. Decisions for which the design is unsure; or for which
the circumstances dictating the issue may change; argue for carefully insulating
that decision from the rest of the design: This is the standard dictum' of software
engineering due to David Parnas: Matters likely to change should be encapsulated
inside boundaries: (such-as a.component with resilient. interfaces) so that-when
change eventually does come, the rest of the system is unaffected. (This is analo-
gous to the concept of shearing layers in butldmg archltecture, a topic dlscussed
later, in Chapter 14.)

4. Contmually reevaluate s system requirements in light of what the design exploratlon
yields. It is the rare system whose requirements are genuinely firm and which
cannot be improved; or changed, as the result of divergent design -explorations.
Costs for meeting requirements must be reexamined, and opportunities for novel,

. unanticipated functionalities should be pursued.

4.5 PUTTING IT ALL TOGETHER: DESIGN PROCESSES REVISITED

The concepts and techniques for use in the design of software architectures presented here
have ranged from the very basic—reminders to use abstraction and separation of concerns—
to extensive treatment-of architectures; styles;-and patterns that encapsulate: knowledge
gained from experience with many prior systems. The chapter also:presénted -approaches
for designing in situations where there is little or no experience upon-which: to draw.

Faced with a new development task; system architects must sort through all the issues

confronting them; choose:a-design approach; and-see it through. As we have noted, the
central task is choosing a feasible set of concepts upon which to build- the design; then
progressively refining and revising:the concepts and the ensuing detalls unul a satxsfactory
architecture is developed: :
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Perhaps the hardest part of the whole process is knowing whether to attempt to base the
new design on some existing design—use the “Grand Tool of Experience”—or to-approach
the design task as one that is unprecedented. Whether an application presents novel
challenges or not, significant insight can come from iteratively working with requirements
for the system. Hence we call to mind a few thoughts that were introduced in Chapter 2
and expand upon them briefly. Implementation concerns can also further shape and guide
the design process, hence we include below a short section dealing with that topic.

A comprehensive methodology for applying all these concepts such that any arbitrary
problem can be tackled in a straightforward manner is beyond the scope of this text—
indeed, beyond what anyone has yet credibly set forth. The design process—a good design
process—will take many twists and turns after the initial attempt at concept formation.
But that’s part of the fun. You get to be creative. ‘

4.5.1 Insights from Requirements

Chapter 2 pointed out the intimate relationship between requirements engineering and
software architectures. Preexisting architectures provide a frame of reference for developing
new requirements statements. Architectures provide:

o A vocabulary, not just of basic concepts, but of means, approaches, and possibilities.

e A framework for describing properties, such as by describing relationships between
structural elements, or by categorization of types of design decisions. -

o A basis for analysis, for example, through knowledge of previous design decisions and
their consequences one can assess possible consequences of new requirements.

In many cases—perhaps most—new architectures can be created based upon experience
with preexisting architectures and improvement to them.

Restated, the organic interaction between past design and new requirements means
that many critical decisions for a new design can be identified or made:

o Experience can show what the most crmcal issues are, or what the most. difficult
problems are likely to be.

» Experience can suggest what the key levels of discourse are, and what vocabularies to
use in each.

« Experience can show successful patterns of product specialization.

o Experience can show what architectural patterns and styles have been effectlve in the
domain.

» Experience can show areas in whlch novel development has typically been ‘r.eq‘uired.

One aspect of this.iterative conceptualization of the new application is in the identification
of architectural tipping points—decisions that have profound consequences for the rest of
the design and implementation. An important example is deciding whether part or.all of
the new application should be created as a modification of an existing system. This can
be a very difficult choice: Modifying an existing system offers: the potential of achieving
substantial software reuse, with attendant cost and-schedule benefits. Yet a time comes
in the evolution of every system when achieving new requirements:demands more-of the
preexisting architecture than it can bear, and hence an entirely new.design is called for. Core
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algorithms, for example, may not be capable of scaling to new performance requirements,
thus requiring a new approach. All of these are important aids in getting started with the
design of a new application; they derive from the symbiosis of articulating new requirements
using a vocabulary of known architectural choices.

In those rare cases where a requirements specification is used that does not make
any reference to existing architectures, careful analysis is required to identify the critical
factors, to distinguish between the incidental and the essential. A highly dynamic approach
to the first critical steps of identifying “a set of alternative arrangements for the design as
a whole” is required in such cases. Several such approaches were identified at the end of
Section 4.1. You may need to attempt to design a solution using several different structures,
applying various styles from the discussion in Section 4.3, then compare the results and
the properties obtained, in order to determine the best course to take.

4.5.2 Insights from Implementation

A detailed discussion of techniques and approaches to use when moving from an.architec-
ture to an implementation is found in Chapter 9. Here we look at the feedback situation:
how information. and insights from the implementation domain, or from constraints on
that activity, can or must be used in development of a detailed architecture. ~

First, constraints on the implementation activity may help shape the design. Exter-
nally motivated decisions may. be. principal, and hence be a part of the architecture. For
example, external constraints may dictate the use-of a particular type or brand of mid-
dleware (connector technology). A large project focused on software-defined radios, for
instance, mandated the use of CORBA, even before any detailed designs for the radios
had been completed. Accommodating such mandates can dramatically affect the system’s
architecture—and not always for the better.
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Similarly, externally motivated constraints may dictate the use of particular program-
ming languages, development environments, or implementation platforms. The skill set
of the staff devoted to the implementation may be limited. These, and other similar con-

straints, can shape the architecture, perhaps restricting the set of architectural styles that

may be used. '

A more interesting impact on design may come from considerations of software reuse.
The potential cost savings from reusing software—whether internal to the development
organization or from free/open source sites—are substantial. But imperfect correspondence
between the available software with the prescriptive design can require design modifica-
tions. Mismatches possible include functionality (the desired function is not there; but a
similar one is), interface (the desired functionality is present, but the manner of invoking
it is different from the current design), and nonfunctional properties (for example, the
desired functionality and the desired interface are present, but the software runs too slowly
or requires too much memory, or has inadequate security features).

Presence of such a situation invites an iteration between the design process and the
implementation activity. The most effective course of action may in fact be to-change the
design to enable easier reuse. The decision of whether to reuse code and the manner in
which it should be used (such as encapsulated or modified) is a principal design decision
grounded in implementation issues, and hence must be considered during the design
process.

Just as. development of requirements and development of design must proceed
cooperatively and contemporaneously, so too may design and implementation. Initial
implementation activities may yield critical performance or feasibility information, allow-
ing the designer to proceed with confidence in other aspects of the system’s design. At all
costs, architectural erosion must be prevented.

4.6 END MATTER

Designing architectures is the occasion when the designer can most obviously employ and
exhibit all his or her innate creativity and talent. Designing well is a skill to be learned
and practiced. It requires being willing to take risks, explore dark alleys, and occasionally
backtrack. Timid, staid approaches may yield software thatsatisfies most requirements, but
seldom will yield applications that give satisfaction to the user and enable the designer’s
organization to dominate the marketplace. k

The most effective approaches to design will be those that have been refined and sea-
soned within the domain of the new application. Knowledge of effective design techniques
and trade-offs is an important corporate asset; ensuring that such knowledge is shared
among projects and between designers should be an important managerial goal.

All the major conceptual elements of architecture-centric software engineering now
have been introduced. What remains is placing techniques and tools in the designer’s
hands to enable productive exploitation of these conceptual elements. The following
chapter begins this process by exploring in depth the concept of architectural connectors.
As we have noted earlier, the use of components is familiar, but connectors are unfamiliar
to many software engineers, and their depth and richness is surprising to most. This topic
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is then followed by the lynchpin technology: explicit modeling of architectural decisions.
With an architecture description language in hand the designer can proceed to design and
document key decisions in'a manner that supports the many.development goals we have
covered: : , :

The Business
Case

4.7 REVIEW QUESTIONS

application for each of thé"fcjl]owiﬁg‘stylels: event-
based, pipe-and-filter, layered, mobile code.

1. How can experience be used as a design techhique?
What must be true about experience in order for.it to
be useful in the design of a new system? 4. Describe a good process.for designing an application

2. Refined experience, in the form of architectural styles, for which the development team: has no prior expe-

for example, can appear and be applied at different lev-
-:els:of abstraction‘and at:different degrees ‘of-domain
specificity. What are'some-examples.of different styles
at.different points‘in this space. of abstracuon and
domain-specificity? G :
3. What types: of -applications: are appropnate for the
<following styles? Alternatively, describe an example

rience in the domain of the apphcanon and no prtor
~architecture-or code from:which:to'work. i

5. How can‘coding-related decxslons, such as choosmg a

user-mterface toolklt, affect an archxtecture7
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4.8 EXERCISES

1. For many years design by stepwise refinement was
viewed as an appropriate, effective strategy for pro-
gram development. Today, it is viewed as quaint and
inadequate. Explain what’s wrong with the concept of
stepwise refinement in the context of modern complex
systems development. ‘

2. Suppose an application has been in use by an orga-
nization for twenty years. It has been modified and
expanded over that period to meet a steady stream of
new demands. Now a new set of demands arise, requir-
ing further changes. The software engineers in charge
of the application are apprehensive about attefnpting
to further modify the system to meet the new needs.
How should the team decide whether to continue to
try to modify the existing system or build a new appli-
cation from the ground up?

3. Top-down or bottom-up? Under what circumstances
would it make the most sense to attack the design.
problem for a large project by working initially on
subparts of the problem—without being sure that any
subassembly so designed would end up as part of the
final design solution?

4 The numerous examples.of designs for the lunar lan-
der in the chapter are all sketches in that they do not
include the details of how the various components
communicate. Elaborate the lunar lander designs to
the next level of detail, such that the designs could
be handed over to a coder for final implementation.
Assume a very simple textual user interface. State the
assumptions made by the game in each example with
regard to the use (or not) of a clock.

a. Layered architecture

b. Sense-compute-control pattern programmed as
main-program-and-subroutines

c.  4-Object-oriented

pel}

. Describe the architecture of a compiler in terms of
architectural styles. Is it a single style as found in this
chapter? Multiple styles composed together?

3. This chapter uses a lunar lander to illustrate how many
different architectural styles may be applied to the
same problem. Choose another application (such as a
desktop calendar application, a cell phone—based con-
tact and phone number manager, an automated teller
machine system, or a controller to be used to control
a set of elevators in a building), and present sketches
of three different solution architectures, where each
architecture exhibits a different style drawn from the
set discussed in this chapter.

7. What's the architecture of Microsoft Word? How can
you tell? What would you need tosee in order to know?

8. Examine the architecture of the Apache HTTP server

as characterized by the Apache recovery project

(Grone et al. 2004). Which styles are involved, and

how are they combined?

5

9. Examine the architecture of Linux, as characterized by
Bowman (Bowman, Holt, and Brewster 1999). Which

styles are involved, and how are they combined?

1C. Some designers have argued that “PowerPoint archi-

tectures” promote good design, in particular, that the
discipline of working within a confined frame (f
instance, the amount of space you have on a single
PowerPoint slide) force the designer to apply abstrac-
tion and hierarchy. Discuss the pros and cons of
PowerPoint architectures. ‘

4.9 FURTHER READING

Design has been a topic of study outside of computer sci-
ence and software engineering for many years. The book
by Jones (Jones. 1970) cited several times in this chap-
ter is an excellent example of insight about the design
process as seen from the industrial design perspective.
A revised version was issued in 1992 (Jones 1992). A
more recent book, focusing on group and corporate pro-

cess, comes from the founders of the IDEO design firm,
(Kelley, Littman, and Peters 2001).

As mentioned at the end of Chapter 1, many excel-

_ lent books on architectural design have been written, of

course, but few provide substantive insights for software
developers. Relative to this chapter, however, an impor-
tant exception is Christopher Alexander's The Timeless
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Way of Building (Alexander 1979) and a companion
book, A Pattern Language: Towns, Buildings, Construc-
tion (Alexander, Ishikawa, and Silverstein 1977). As
mentioned earlier, his work has influenced thinking on
patterns for object-oriented programming, and more gen-
erally, software architecture styles. Another key classic
in the study of design is The Reflective Practitioner (Schon
1983), by Schon, who characterizes design as an on-going
conversation between the designer, the materials, and the
context for the design.

A broad overview of software design as a research field—
where it has been and where it is going—is found
in “Software Design and Architecture: The Once and
Future Focus of Software Engineering” (Taylor and van
der Hoek 2007). This paper includes a large bibliogra-
phy of software design books and papers, and constitutes
an important reference and starting point for detailed
investigations.

The model-view-controller pattern was developed in
the late 1970s; an original paper plus a retrospective
can be found in (Reenskaug, 1979, 2003). Numerous
resources are available on the Web to further demon-
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strate its application. The mobile code styles are explored
nicely in a paper by Fuggetta, Pico, and Vigna (Fuggetta,
Picco, and Vigna 1998). The C2 architectural style has
been described and illustrated in the literature in sev-
eral places, including (Dashofy, Medvidovié, and Taylor
1999; Medvidovi¢, Oreizy, and Taylor 1997; Robbins
et al. 1998; Taylor et al. 1996). CORBA references
abound. Perhaps the best introduction to the concepts is
found in Emmerich’s book, Engineering Distributed Objects
(Emmerich 2000). Abundant source materials can be
found on the Object Management Group’s Web site
(www.omg.org).

Numerous resources are available in print and online,
documenting and explaining the U.S. Apollo missions to
the moon. Many of these resources are available directly
from NASA as well as secondary republishers, and
includes “Apollo 11 The NASA Mission Reports” (Apollo
11: The NASA Mission Reports 1999). An excellent intro-
duction to the onboard software and a recounting of
the errors that occurred and were overcome during the

Apollo 11 Lunar descent can be found in (Eyles 2004).
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Connectors

Desngnmg and 1mplementmg the functzonallty and managmg the data of modem large,
complex, distributed, multllmgual software systems is undoubtedly very dlfﬁcult As
discussed in the precedmg chapters, early software architectural models of system com-
ponents, their key services; theirabstract behaviors, and theirnonfunctional properties
are: indispensable in this.endeavor. However, experience-has shown time and again
that making: atchitectural design: decisions that pertain to integrating those: compo-
nents effectively and ensuring the components’ proper interaction in a systemis just as
important. Moreover; arriving at such design decisions can be even more:challenging
than those restricted to the development of functionality. The particular importance
in modern systems.of mechanisms for assembling functional components and support-
ing their interaction; that is, software connectors, mandates that they be treated-and
studied separately: We-will dojust that:in this.chapter; and will return to:this subject
repeatedly throughout the remainder of the book. " i

Simply put, software connectors perform transfer of control and data among compo-
nents. Connectors can also provide services, such as persistence, invocation, messaging,
and transactions, that are largely independent of the interacting components func-
tionalities. These services are usually considered to be “facilities components” in wxdely
used middleware standards such as CORBA, DCOM, and RMI. However, recognizing
these facilities as connectors helps to clarify an architecture and keep the compo-
nents”focus on application- and domain-specific concerns. Treating these services as
connectors rather than components can also foster their reuse across applications and
domains. Perhaps most importantly; connectors allow architects and engineers to com-
pose heterogeneous functionality; developed at different times, in:different locations;
by different organizations. As such, connectors can be thought of qutte appropnately
as the guatds at the gate of separation of concerns.

A common mlsconceptlon about. software connectors is that they are ]\JS[ calls between
two Components, in the manner pf say, a Java method invocation. A shghtly more
advanced v1ew, inspired by mlddleware—based system deveIopment, is that component
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interactions take place via message passing and remote procedure calls (RPC). While
it is frequently the case that two components will eventually be implemented to com-
municate using, say, a Java method call, it is important to realize that as a software
system’s architect you are not restricted to assuming and relying on only such primitive
interaction mechanisms...

Traditional software engineering approaches embrace a rather narrow view of connec-
tors that is unlikely to be successfully applicable across all development situations. This
problem is further exacerbated by the increased emphasis on development using large,
off-the-shelf components originating from multiple sources. As components become
more complex and heterogeneous, the interactions among them become more critical

‘determinants of system properties. Expenence has shown that integrating components

with mrsrnatched assumptrons about their envrronment is hard to do and can lead to
many problems It is the task of connectors to mitigate such mlsmatches '

An archrtect has a wide range of connector options that are apphcable, and often tai-
lorable, to different development needs and scenarios. For:example, an architect can
choose to use a connector that distributes a service request to specifically named recip-
ient.components of a:connector-that broadcasts a notification of a locally occurring
event to:any-(unnamed:-and even unknown) component that may be interested and
listening. The connector may require the sender component to suspend:its processing
until an acknowledgment of its request is received, -or-it may allow the sender.com-
ponent to continue with its processing; the:connector-can route each request:in the
order:it received:it; ot it can try to-order, filter out, or combine requests according to
some prespecified rule; and so on. Therefore, a very important dimension:of a software
architect’s job is to:

'« Understand the component interaction needs.
. Carefully identify all of the relevant attnbutes of that mteractron. '
e Select the candrdate connectors. g .
. Assess any trade—offs assocrated with each candrdate. ’
. Analyze the. key properties of the resultmg compeonent-connector assemblres.

The goal of this chapter is to provide insights; guidelines, and specific techniques:to
support accomphshment of these tasks: The remainder of the chapter will mtroduce.

1. The dlfferent roles connectors play ina software system

2. Different connector types a software architect has at his or her drsp0sal and

the roles each type can fulﬁll
3. Apanoply of varratton pomts for each connector type.
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5.1 CONNECTORS IN ACTION: A MOTIVATING EXAMPLE

4. A set-of general hints and guidelines about a connector’s applicability,
strengths, and drawbacks

Throughout the chapter, we w:ll provxde examples of specxﬁc software connectors
to illustrate the discussion. The reader will probably be familiar with many of these
connectors, although sometimes under a different name. The chapter starts off with a
simple concrete example, to set the stage for the subsequent discussion.

This chapter provides a detailed treatment of connectors. The type and amount of
information provided is necessary for their thorough study. At the same time, some
of the content may be unsuitable for an inexperienced reader. We recommend that
everyone read at least Secnons 5.1 through 5.4 as well as Sections 5.7 through 5.10.

Section ‘5.5,contamssa set of examples from the domain of large-scale data distribution
systems, whichcan be followed by most readers; but their full appreciation may require

prior expe‘riehc’e with these types of systems. Section 5.6 is appropriate for all readers,

but is targeted in partlcular, at the expenenced professmnals and readers mterested in
practlcal gundelmes for constructmg advanced connectors

5.1 CONNECI' ORS IN ACTION A MOTIVATING EXAMPLE

One useful property of connectors is that theyare for the most part: appllcatlon-mdependent
architectural elements. That means that they enable us to understand a lot'about how:a
software system accomplishes its tasks without necessarily having to know exactly what
the system does: In other'words; connectors directly support two key principles of software
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Figure 5-1. A simple pipe-and-filter architecture consisting of two filters, A and B, communicating via
untyped data streams through the unidivectional pipe connector P.

engineefing: abstraction and separation of concerns. Explicitly focusing on connectors
also enables development and use of a specific vocabulary of software interaction. In turn,
agreeing on appropriate terminology allows us to communicate easily and reason precisely
about a number of software system properties that derive from.the system components’
interactions. To illustrate this, we use a very simple example involving two different types
of connectors. We intentionally use the terminology associated with those connectors,

without defining it, to draw attention to this new “language.” The appropriate definitions
and explanations will be given in the subsequent sections. Nonetheless, you will probably
find that you are familiar with some, if not most, of this terminology.

Different views of a software connector are useful for different tasks. In order to model
a system and communicate its properties, a high-level view is suitable. For example, an
architect may make the following concise, but meaningful statement about the configu-
ration shown in Figure 5-1: “Components A and B communicate via a Unix pipe.” That
statement may be accompanied by a formal specification of the pipe’s overall behavior.
However, such a high-level description does not help us understand all the properties of
the pipe, how it can be adapted, or under what conditions it can be replaced with another
type of connector. A more - detailed, lower-level view is needed to accomplish that.

In partlcular, the pipe in Figure 5-1 allows interaction via unformatted streams'of data.
It is a simple connector: It consists of a single interaction channel, or duct, and facilitates
only unidirectional data transfer. Thus, the cardinality of the pipe is a singlé sender and a
single receiver. You will recall from the preceding chapters that a pipe allows components
(that is, filters) A and B to exhibit very low coupling: The componentsdo not possess any
knowledge about one another. For example, A’s task is only to successfully hand off its data
to the pipe; the actual recipient (if any) is unimportant to A. In turn; the particular pipe
depicted in Figure 5-1 does not buffer the data. It attempts to deliver the data‘at most once;
if the recipient is unable to receive the data for some reason; the data will be lost.

Let us now assume that we need to alter the manner in which”A and B interact,
such that B can also send information (for example, acknowledgement of data receipt)
back to A. Furthermore, we want to ensure the delivery of data: If the recipient is
not available, the pipe retries to send until the data is successfully transferred. Both
these modifications can be potentially accommodated by pipes. The first modification
would require introducing another pipe from.B to A, and the second, data buffering in
a pipe. Addition of any other components into the system would require further addi-
tion. and/or replacement of pipes. The penalty we would pay is that these modifications:
may require substantial system downtime. Pipes can, therefore,; accommodate these new
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5.2 CONNECTOR FOUNDATIONS

Figure 5-2. An event-based architectitre consisting of two components, A and B, commiunicating via
typed discrete data packets (events) through:the event bus conriector E. The connector allows on-the-fly
system modlﬁcanons such as adding a L new component C:

requirements, even though constantly adding and replacing them may not be the most

effective solution.

If, however, we ‘want to change the nature of the data from an unformatted byte
stream to discrete, typed packets that can be processed more efficiently by the interacting
components, pipes will not suffice: In'such a case; an-event bus connector will be a'more
suitable alternative. Although clearly different types of connectors, pipes and event buses
exhibit a number of similar properties, such as loose component coupling, asynchronous
communication, and possible data-buffering. At the same time, event buses are better
suited to support system adaptation: an event bus connector is capable of establishing ducts

betweeninteracting componentson the fly; its cardinality is a single event sender (similarly

to the ptpe) but multiple observers. Thus, in principle, event buses allow components to be

~ added or removed; and to subscribe to receive certain’events, at any time during a system’s
execution. Figure 5-2 abstractly depicts the use of an event bus to accommodate the above
changes.

5.2 CONNECI'OR FOUNDATIONS

The underlymg, elementary building blocks of every connector are the prlmmves fot man- . ..

aging the flow of control (that is, changing the processor program counter) and flow of data
(that is, performing memory access) in a system. These primitives give enough conceptual
power to build sophisticated and complex connectors. In addition to these primitives, every
connector maintains one: or.more channels, also referred to-as ducts, which are used to-link
the interacting components and:support the flow of data and control between them: A
ductis'necessary.for realizing a connector, but by itself; it does not provide -any additional
interaction services. Very simple connectors, such-as module linkers, provide their service
simply by forming ductsbetween components. Other connectors-augment-ducts with some
combination of data and control flow to provide richer interaction services: Very complex
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Figure 5%3‘ A framework for sﬁldying'software connectors.

connectors can also have an internal architecture that includes computation and infor-
mation storage. For example; a load balancing connector would execute an algorithm for
switching incoming traffic:among a set of components based on'the knowledge about the
current and past load state of components.

: Simple connectors are typicallyimplemented in programming languages. On the other
hand, composite connectors are achieved through composition of several connectors{and
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possibly components), and usually are provided as libraries and frameworks. Simple con-

nectors only provide one type of interaction service, whereas composite connectors may

combine many’ kinds of interactions: Complex connectors can help overcome the lim-
itations of modern programming languages. However, when.creating such' connectors ‘it
is important to' be able: to reason ‘about their underlying, low-level interaction' mecha-
nisms, identify the appropriate design choices, and detect potential mismatches among the
interaction mechanisms used to compose a connector.

To:this end, we will use the connector classification framework shown in Figure 5-3:
Each connector:is identified by its primary service category and further refined-based on
the choices made to realize these services. The characteristics most commonly. observed
among connectors are positioned toward the top of the framework, whereas the variations
are located in the lower layers. The framework comprises service categories; connector
types; dimensions. (and: possibly. their subdimensions), and values for the dimensions. A
service.categoty. represents. the broad. interaction. role the connector fulfills. Connector
types discriminate among connectors based on the way in which the interaction services are
realized. The architecturally relevant details of each connector type are captured through
dimensions, and, possibly, further subdimensions. Finally, the lowest layer in the framework
is formed by the set of values a dimension (or subdimension) can take. Note that a particular
connector instance (that is, species) can take a number of values from different types. In
other words, this classification does not result inastrict hlerarchy, but rather ina dlrected
acyclic graph.

* The remainder of this chapter describes in more detail the classification framework
and a comprehensive taxoriomy that can be used as the foundation for studying, clasmfymg,
and using software connectors. :

5.3 CONNECTOR ROLES

A software connector can provide one-or more of four general classes of services: com-
munication; coordination, conversion,-and facilitation. Put another way, a connector.can
play one or more of these four roles. Since these services; or:roles; fully describe the range

of possible:software component interactions, the topmost layer in our classification frame- -

work from Figure 5-3 is the service category. Discussions and simple examples of the four
service classes follow.

Communication

Connectors providing communication services support transmission of data among com-
ponents. Data transfer services are a primary building block of component interaction.
Components routinely pass messages, exchange data to be processed, and commumcate
results of computations.

Coordination

Connectors providing coordination services support transfer of control among components
Components interact by passing the thread: of execution to each other. Function calls and
method invocations ate examples of coordination connectors. Higher-order connectors,
such as signals and load balancing connectors, provide nchet, more complex mteracuons
built around coordination services. . ~
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Conversion e
Connectors providing conversion services transform the interaction required by one com-
ponent to that provided by another. Enabling heterogeneous components to interact with
each other is not a trivial task. Interaction mismatches are a major hindrance in composing
large systems. The mismatches are caused by incompatible assumptions made by compo-
nents about the ‘type, number, frequency, and order of interactions in which they are to
engage with other components. Conversion setvices allow components that have not been
specifically tailored-for each other to establish and conduct interactions. Conversion of
data formats and wrappers for legacy components are examples of connectors provxdmg
this interaction service. S

Facilitation : ;
Connectors providing facilitation services mediate and streamlme component interaction.
Even when components have been ‘designed to initeropérate with each other, there may
be a need to provide mechanisms for further facilitating and optimizing their interactions.
Mechanisms such as load balancing, scheduling services, and concurrency control may be
required to meet certain nonfunctional system requnrements and to reduce interdependen-
cies among mteractmg components.

Every connector provides. services that belong to. at least one of these four categories.
Commonly though, connectors provide multiple services in order to satisfy the need
for a richer set of interaction capabilities. For example, procedure call; one of the most
widely used software connector types, provides both communication and coordination
services.

5.4 CONNECTOR TYPES AND THEIR VARIATION DIMENSIONS

Interaction services broadly categorize connectors, but leave many details unexplamed
This level of -abstraction cannot help: us build new connectors, and it cannot be used to
model and analyze them in an architecture. Hence, we further classify connectors into
elght different types, based on the way in Wthh they realize interaction services:

o Procedure call
+ Event

s Data access

e Llnkage

° Stream

o Arbitrator

o Adaptor

° Dnsmbutor

Connector types are the level at which architects typlcally consnder interactions when
modeling systems. :

Simple connectors can be modeled at the level of connector types; their detalls can
often be left to low-level design and implementation. On the other hand, more complex’
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connectors often require, that many of their details be decided at the architectural level so
that the impact of these decisions can be studied early and on a systemwide scale. Those
details represent variations in connector instances and are treated as connector dimensions
in'the below classification. In turn, each dimension has aset of possible values. The selection
of a'single value from each dimension results in a concrete connector species. Instantiating
dimensions of a single connector type forms simple connectors; using dimensions from
differént connector types leads to a composite (higher-order) connector species.

“The remainder of this section will describe the key characteristics of each connec-
tor type as well as their variation points. Additionally, we will highlight the interaction
role(s) played by each connector type. The discussion draws extensively from the connector
taxonomy set forth by Nikunj Mehta, Nenad Medvidovi¢, and Sandeep Phadke (Mehta,
Medvidovi¢, and Phadke 2000). It should be noted that the characteristics of different
connectors introduced are meant to cover the entire space of connectors. However, it is
possible that an individual connector of a given type may not possess each of that type’s
dimensions. The detailed connector characteristics presented below can be thought of as
design templates that software architects can use to select the exact connectors needed
in‘a given system. As will be discussed further in Chapter 6, several software architecture
modeling notations support different variations of this selection process.

5.4.1 Procedure Call Connectors

Procedure call connectors model the flow of control among components through various

invocation techniques. They are thus coordination connectors. Additionally, procedure :

calls perform transfer of data among the i mteractmg components through the use of param-
eters and return values. They are thus also communication connectors. These connectors
are among the most widely used and best understood connectors, and have been likened
to the assembly language of software interaction. Examples of procedure call connectors
include object-oriented methods, fork and exec in Unix-like environments, call back
invocation in event-based systems, and operating system calls. Procedure calls are fre-
quently used as the basis for composite connectors, such as remote procedure calls or RPC,
which also perform facilitation services.

- “The space of options available:to a software engineer for constructing procedure call
connectors is shown in Figure 5:4. Note that the values for certain dimensions and'subdi-
mensions.are not shown: multiple ‘versus single entry point, as well-as fan-in and fan out
cardinality. These are numerical subdimensions that either take an-obvious value (1 in:the
case of single entry point). or can take many values (in-the case of the remaining three
subdimensions): They are hence elided:for simplicity; we likewise:omit the values of all
such:dimensions and subdimensions:in the case of the other'seven:connector types: /7

A typical programming-language-level procedure-call connector:-takes:on-aspecific
set of values from the choices depicted in the figure. For example, as most Java users will
readily know; a procedure (that is; method) call provides the data transfer of its parameters
by reference; it may have a return value unless the invoked method:is déclated as a void;
it-will have a single’ entry point; at the start of the invoked-method; it will be’a result of
explicitinvocation; its synchronicity will be blocking;its fan in'and fan Out cardinality will
both be 1—=that-is, a:Java method call always has a single'source and a smgle destmatlon,
finally, its accessibility may be public or private.
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Figure 5-4.
Procedure call
connector type

and its variations.

CHAPTER 5 CONNECTORS

Service Dimension Value

Reference

Value

Name

Default values
Keyword parameters

Parameters Inline parameters

PushfromLto R
PushfromRto L
‘Hash table

Entry point <___ g™

Communication
Coordination
] Exceptions
Callbacks
Delegation

Asynchronous

Synchronicity Synchronous

Cardinality <

Accessibility

At this point, the reader is not necessarily expected to understand all of this connector
types various dlmensxons, subdlmenstons, and values, or all of the variation points of
the remaining seven connector types dlscussed below and depicted in Flgure 55 through
Figure 5-11. One objectlve of this chapter is to sensitize the reader to the richness and
potenual complexity of the space of software connectors. The remamder of the chapter
will continue to hlghhght only the representat:lve or partlcularly mterestmg facets of each
connector type.

542 Event Connectors

David Rosenblum and Alexander Wolf define an event as the: instantaneous. effect of the
{(normal-or. abnormal) termination: of the invocation of an operation.on an object, which
occursiat that object’s location (Rosenblum and Wolf1997). Event connectors are similar
to procedure call connectors in-that they affect the flow: of control among components,
and thus provide coordination services. In this case; the flow. is: precipitated by.an‘event.
Once the event connector:learns about the occiirrence of an event, it generates messages
(that is, event notifications) for-all interested parties:and yields control-to the components
for processing those messages. Messages can be generated upon the accurrence of asingle
eventor aspecific:pattern of events. The.contents of an event can be structured to contain
more:information. about the event; such as the time:and place of occurrence, and other
application-specific data.Event connectors therefore also provide communication services.

. Event connectors-are also.different from procedure calls in that virtual connectors:are
formed between components interested iin: the same event topics,.and those connectors
may appear and disappear dynamically depending on the components’ changing iinterests.
Event-hased distributed systems rely on the notion of time and ordering of actions.
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Dimension:

Delivery

-~ Priority ~T____

Synchronicity

- Notification

Causality

Therefore, drmensrons such as causahty, atomrcrty, and synchromcltv play a crrtlcal role
in event connector mechamsms .Event connectors are found in distributed apphcatrons
that require asynchronous communication. An example isa wmdowmg apphcatron (such
as X Windows in Unix), where GUI inputs serve as the events that activate the system.
Finally, some events, such as interrupts, page faults, and traps, are triggered by hardware
and then processed by software. These events may affect global system propertres, makrng
it important to-capture them in:software architectures: - e senlen)

- The space of optionsavailable to asoftware engineer for constructmg event connectors
is'shown.in Figure.5-5::For-example, the cardinality of a multicasting event connector
(recall:the discussion of the C2-architectural:style in. Chapter:4) - will be a single producer
and multiple observer components; ideally the connector will support delivery:of data
exactly once (whatever-is:sent by:the source component-is delivered to-the.recipient
components); its synchronicity may. be asynchronous: (that is, nonblockmg), it could use
‘the pubhsh/subscnbe notrﬁcatron mechanrsm, and so-on. (

‘5 4. 3 Data Access Connectors

Data access connectors allow components 10 3 access data mam‘ med by a data store
c mponent, Therefore, rhey provrdé co mumca on servrces Data access ofte requrres
ration of th data ' ¢

stored and provrded,'data access connectors may perform translatron of the information
being accessed, that is, conversion. The data can be stored either persrstently or témporar'
ily, in which case the data access mechanisms will v vary. Examples of persistent data access
include query mechanisms, such.as; SQL for database access; and.accessing information in
repositories, such as-a software .component répository. Examples of transient data ‘access
include heap and stack memory access.and information caching. iy
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Figure 5-5.
Event connector:
type and its
variations.
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Figure 5-6.
Data access
connector-type
and its variations.

CHAPTER 5 CONNECTORS

Service Dimension:- Value -

hread specific

Process specific

Global

- Accessor
Mutator

- Locality

Access

Availability

Accessibility —

‘. - Initialization
Life Cycle Termination

CGardinalty <

The space of options available to a software engineer for constructing data access
connectors is shown in Figure 5-6. A data access connector could enable global access;
allow mutating (that is, changing) the data; it could provnde persistent access through file
I/O; its cardinality would typically be a smgle entlty that deﬁnes the data, but multlple
‘entities that use the data, and'so on.

5.4.4 I.mkage Connectors

Llnkage connectors are used to tie the'system components together and hold them in such
astate ‘during:their operanon. Linkage’ connectors enable the establishment of ducts—
the channels for commuinication and coordination==that are then used by higher-order
connectors to enforce interaction semantlcs In other words, llnkage connectors prov1de
facnhtatlon services:: : oy : ~
+Once:ducts are: estabhshed a hnkage connector:may: dlsappear from the system ‘or
remain in place to assist in the system’s evolution. Examples of linkage connectors are the
links between components and buses in-a: C2-style:architecture:(recall:Chapter 4) and
dependency relationships among software modules described by module mterconnecnon
languages (MIL) (DeRemer and Kron 1976). : ~
___ Thespace of options availabletoa software engineer for constructmg lmkage connec-
tors is shown in Figure 5-7 Compared to the precedingdimensions, thlS is not a partxcularly

e Umt initerconnection speaﬁes only that one component—whlch can'be a module,
‘object, orafile=depends-on another. Exaimples of unit interconnection are conﬁgu—
ration management and system building facilities such as Make. Sk
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5.4 CONNECTOR TYPES AND THEIR VARIATION DIMENSIONS

Dimension b 1S/0| Value

Implicit
Explicit

Variable
Procedure
Granularity - = Eunt:ttiont
. onstan
Type

s
Cardinality <

Binding

- Reference

Facilitation

Compile-time
Run-time
Pre-compile-time

« Syntactic-interconnection refines this relationship and establishes links between vari-
ables, procedures, functions, constants, and types within the linked components. This
information can be used in static analysis (For example, locating unreachable code.
within a'module) and smart compilation, where only the changed portions of a system
are recomplled

o Semantici initerconnection specrﬁes how the linked components are supposed to interact.
Semaritic interconnection ensures that the interaction requirements and constraints
are explicitly stated and satisfied. This typically takes the form of an interaction pro-
tocol, such as those discussed in the context of architectural modeling and analysis in
Chapter 6 and Chapter 8 respectively.

The: cardmalrty of a lmkage connector refers: to. the number of places in whrch a
system resource-—such as.a component; procedure, or variable—is defined; used;-provided,
or required: Typically; a resoutce is defined and/or provided in a'single location .and used
or required from :multiple:locations: Finally, a linkage connector.can establish. the binding
between components very early (that s, prior to system comprlatron), early. (that is, durmg
comprlatron), or late:(that is, durmg the system s:execution).:

)

5. 4 5 Stream Connectors

Streams are used to perform transfers of large amounts of data between autonomous pro-

Figure
Linkage

169

5-7.

connector:type
and its variations.

cesses. Stream connectors therefore provrde communication services in a system. Streams
are also used in clrent—server systems with data transfer protocols to deliver results of
computation. Streams can be combined with other connector types, such as data : access
connectors, to provrde composite connectors for performmg database and file: storage access,
and event connectors, to ‘multiplex the delwery ofa large number of events. Examples of
stream conneetors are Uni rx prpes, TCP/UDP commumcatron soekets, and proprretary
client-server protocols

The space of options available to a software engineer for constructmg stream connec-
tors is shown in Figure 5-8. For example, a stream-based _connector may be unnamed as
in Unix pipes; it may provide synchronous, remote interaction via, tructured data; it may
guarantee at least one delivery; itsicardinality may be binary, that is, a single sender-and a
single receiver;; ﬂr%ally, its state value could be determined by a bounded buffer.

5
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Figure 5-8.
Stream connector
type and its
variations.

CHAPTER 3 CONNECTORS

Service Dimension Value
Eestdelﬁon
xactly once
Delivery At mogt once
At leastonce -
Bounded
Bounds Unbounded
. Buffered
Buffering Unbuffered
Atomic units
Throughput Higher-order units
Stateless
State Stateful
Communication Nined
Identity Uznmamed
" Local
Locality Remote
: Synchronous
Synchronicity chronous
AR Time 'out synchronous
Format glar:'ctured
Cardinality < Multi sender - -
Multi receiver
Multi-sender/receiver

5.4.6 Arbitrator Connectors
When components are aware of the presence of other components but cannot make assump-
tions about their needs and state, arbitrators streamline system operation and resolve any
conflicts (thereby providing facilitation services), and redirect the flow of control (provid-
ing cootdination services). For example, multithreaded systems that require shared memory
access use synchronization:and concurrericy control to guarantee consistericy and atom-
icity of operations: Arbitrators can‘also provide facilities to'negotiate service levels and
mediate interactions requiring-guarantees for reliability and atomicity. They ‘also'provide
scheduling and load balancing services. Arbitrators can ensure system trustworthiness by
providing crucial support for dependability in the form of reliability; safety; and security.
The space of options available to a software engineer for constructing arbitrator con-
nectors is shown in Flgure 5-9. Arbltrator connectors can aid with s system fault handhng,
by determmmg and trappmg cornponent faulm before they propagate. They can also ensure
the appropriate concurrency semantics among the mteractmg components. For example,
arbitrators can employ mechamsms, such as semaphores or monitors, to control access to
the interacting components’ resources. Arbitrator connectors may also support transactions
and guarantee different levels of secunty (see Chapter 13). Fmally, they can control the
interacting components’ execution scheduling. A specific example of arbltrator connectors
is dlscussed in Sectlon 5. 5

5.4.7 Adaptor Connectors

Adaptor connectors provide facxlmes to support interaction between components that have
not been designedito interoperate. Adaptors involve matching communication policies and

-interaction protocols among components, thereby providing conversion services. These

Sony Exhibit 1018 Page 193
Sony v. Quantum  IPR2023-00954
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Dimension.

Fault — Authoritative
handling Voting

Concurrency k Lock

Single
Multiple

Supported

Transactions Hequnred
, New

Read
Writ
Read/Wnte

Coordjnation
Facilitation

Capabilities
Access control fists

Encryption
Information padding
Screening

Redundancy check
Certificates

Single session
Multi session

— Scheduling <C

connectors are necessary for interoperation of components in heterogeneous environments,

such as different programming languagesor computing platforms. Conversion can also'be

performed to optimize ‘¢omponent interactions for a given execution environment. For

example, a distributed system may rely on remote procedure calls (RPC) forallinteractions

across process boundaries; if two interacting components are co—located within the same
process for a given time period, a remote procedure call may'be seamlessly converted to

a local procedure call during that time. Adaptors may also ‘employ transformations” (for

instarice; table look-ups) to match required services to the available facilities. -
The space of options available to a software engineer for constructing adaptor con-

nectors is shown in Figure 5-10: Exaqxples of adaptors includé virtual memory translation;

Daniel Yellin and Robert Strom’s adaptors (Yellin and Strom 1994), which match incom-
patible component interaction protocols; virtualfunction tables used for dynamic dispatch
of polymorphic method: calls;-and-Robert DeLine’s packagers; which- separate -a-compo-

nent’s internal functionality, referred to as essence, from the mannerin which'it isaccessed

(DeLine 2001). XML meta—data interchange (XMI) is a relatively recent approach that
supports mterchange of models between apphcatlons and petforms data presentatlon con—
version.

5.4.8 Distributor Connectors ‘
Distributor connectors: ‘perform the-identification: of interaction paths:-and subsequent

routing of communication and-coordination information among components along these
paths. Therefore, they provide facilitation services. Distributor connectors never exist by

171

Figure 5-9

Arbitrator

connector type
and its variations.

Sony

Exhibit 1018 Page 194

Sony v. Quantum  IPR2023-00954



172 CHAPTER 5 CONNECTORS

Figure 5-10.
Adaptor
connector type
and its variations.

Service Dimension

Invocation 6
conversion
Packaging

conversion

Protocol
conversion

Conversion

Presentation
conversion

Figure 5-11.
Distributor Hierarchical
connector type Flat s

and its variations.

Best effort
Exactly once
At most once

Facilitation At least once

Unicast
Multicast
Broadcast

Routing

themselves, but provide assistance to other connectors, such.as streams or procedure calls.
Distributed systems exchange information using distributor connectors. to.direct the data
flow. Distributed systems require i 1dent1ﬁcatxon of component locations and paths to them
based on symbolic names. Domain name service (DNS), routing, sw1tchmg, and many other
network services belong to this connector type. Distributors have an important effect on
system scalability and survivability. ~ : :

The space of options available to.a. software engmeer for constructxng dlstrlbutor
connectors is shown in Figure 5-11. Issues that are partlcularly important in distributed sys-
tems are resource nammg, semantics and mechanisms of data dellvery, and characterlsucs
of. routmg

5.5 EXAMPLE CONNECI' ORS

The reader should be famlhar at least w1th the frequently used procedure call and shared

data connector types. It likely that the reader has seen or used several of the other connector

- types, such as distributors or adaptors, and has also been exposed to composite connectors.

-Furthermore, Chapter 4 introduced a number of connectors in the different Lunar Lander
examples

In this 'section, we llluscrate the connector classification discussed above: with four

composite distribution: connectors that are in wide use today: event-based, grid-based,
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*

1 packages

Figure 5-12. Data distribution connectors involve.a type of invocation (via arbitrator, event, or
procedure call connectors) , data-access, stream, and distribution. Cardinality is indicated accordingly
on the relationship arrows, where * refers to the cardinality of “many.”

client-server-based, and peer-to-peer—based (or P2P-based) connectors. These connectors
distribute large amounts of content over a wide area network, such as the Internet. Such
connectors are used in disseminating music, movies, scientific data, and so on. Several
implementations of these connectors are in wide use by a number of research, industry, and
government projects, as well as a large number of individuals around the world.

Distribution connectors can be described as different combinations of six of the con-
nector types defined in the classification of Section 5.4. The exact combination of the
six types’ dimensions varies across the different distribution connectors, but in general,
each distribution connector performs some form of data access, involving a stream-based
reading (and packaging) of data; and distribution of the data to end users.. Some connector
classes are invoked via procedure calls (for example, client-server-based) while others are
invoked via events (for example; event-based), or arbitration (for example, PZvaased)
Figure 5-12 illustrates the choices and the relationships.

The remainder of this section describes each of the four data distribution connectors
using the connector classification from Section 5.4. The seemingly verbose description of
the connectors is necessary: it reflects the number of concerns an architect has to consider
when selecting and composing connectors for a specific system, as well as the number of
decisions that will be made in the process.

5.5.1 Event-Based Data Distribution Connectors

The event-based data distribution connectors are compositions of four of the connec-
tor types-from Section 5.4: event, data:access, stream, and distributor. These connectors
send and receive data through asynchronous notifications called events. Events may arrive
according to some fixed -periodic schedule or at discrete aperiodic intervals. Typically,
there are many producers and consumers of data in event-based distribution connec-
tors. For example, science data servers. (producers) may alert scientists' (consumers) of
the availability-of new data sets.-Event-based distribution connectors often: employ-an
asynchronous best-effort delivery method for data, making no guarantees as to the com-
pletion or time of data deliveries. Data delivery events sent through the connectors can be
prioritized, tailored to different use cases or deployment environments, and specified by sys-
tem users. Events can be delivered using prioritized threaded queues, be locally or remotely

* 1
distributed
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managed, or be delivered using user registered preferences and the publish-subscribe deliv-
ery mechanism.

Event-based distribution connectors can access and mutate data at both the producer
and consumer ends. Event-based distribution connectors themselves access transient and
persistent data, both public and private. They communicate with transient session-based
stores such as shared memory stores [for example, Apache’s Derby (Apache Software Foun-
dation)]. They also communicate with pers1stent stores such as repositories, databases, file
systems, and Web pages. S

After data access by event-based distribution connectors, data is typically packaged
into streams, both structured and raw, using a best effort approach, with bounded packet size
and data buffering. Streams can be identified via named uniform resource identifiers (URIs),
and constructed using the asynchronous'mode of operation. Strearns may be constructed
either locally or remotely, depending upon how the data was accessed.

Stream-based data is distributed from data producers to data consumers using a naming
registry, via either a hierarchical or flat naming model. Data streams are delivered as events
using best effort delivery and any combination of the unicast, broadcast, and multicast
delivery mechanisms. Routing of events is typically determined by the specific network
layer of the connector’s deployment environment.

Example instances of event-based data distribution connectors include the Siena
publish-subscribe middleware (Carzaniga, Rosenblum, and Wolf 2001), the Prism-MW
middleware (Malek, Mikic-Rakic, and Medvidovi¢ 2005), and its subsequent extension
allowing grid resource location and discovery, called GLIDE (Mattmann et al. 2005).

5.5.2 Grid-Based Data Distribution Connectors

The grid-based data distribution connectors are compositions of four of the connector types
from Section 5.4: procedure call, data access, stream, and distributor. These connectors
move and deliver large amounts of data between software components deployed in the
grid environment—a virtual network of shared computing and data resources. Although
the grid is further discussed in Chapter 11, this section will outline the architecture of the
corresponding connectors. The reader may find it useful to return to this section again after
reading Chapter 11.

Grid-based distribution connectors are invoked via a named, synchronous procedure
call, often as a Web service call sent using the Simple Object Access Protocol (SOAP)
{Mitra 2003). User authentication credentials are provided to the connector for integration
with the Grid Security Infrastructure (GSI), a highly secure toolkit based on key pairsand
certificate authorities. URLs sent via the connector invocation describe where the data is
and where it is to be sent (that is, who the consumers are). Parameters are passed by value
using “keyword equals value” semantics, with control messages being logged to the Grid
API log layer.

Grid-based distribution connectors access and mutate transient and persistent data,
both private and public, aslong as there is some type of standard API (for instance, dynamic
data exchange over XML, a repository-access, or file I/O) for accessingit:

Data access through a grid connector is typically packaged as a stream of bytes (or
blocks, configured via a parameter) with exactly-once delivery and (configurable) bounded
buffering provided by the netwotk’s TCP/IP level. Data can be structured or raw. Buffering
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and throughput of data are parallelized via multiple concurrent time-out synchronous
TCP/IP streams. Streams are named stateful URLs and URIs, and can exist both locally
and remotely, depending upon whete the data was accessed. A stream can be delivered to
many consumers.

Grid-based distribution connectors distribute data using the grid environment for
naming and location, including the Grid Meta—data Catalog Service (MCS) and Replica
Location Service (RLS) components, and named URLs and URIs. Naming can be hier-
archical, with resources and locations sharing parent-child relationships via the MCS.
Alternatively, naming and discovery can be flat, structure-based. Data is delivered via par-
allelized unicast exactly once using TCP/IP concurrent streamis, flooding the underlying
network to its saturation, thus making the most efficient use of the available bandwidth
possible. Reliability measures allow redelivery of lost packets if necessary, as well as partial
data transfers, both sequential and out of order. Routing of data is handled by the underlying
TCP/IP network layer. ‘

Example instances of grid-based distribution connectors include the GridFTP softwate,
bundled along with the Globus Grid Toolkit (The Globus Alliance), and the large files
transfer protocol, or bbFTP (Farrache 2005).

5.5.3 . Client-Server—Based Data Distribution Connectors k

The client-server-based distribution connectors allow seamless distribution of data between
distributed systems using RPC. They are compositions of four of the connector types from
Section 5.4: procedure call, data access, stream, and distributor. These connectors are
invoked via a synchronous remote procedure call that appears (to the consumers of data)
as if it were a local method call. Keyword (named) parameters are passed to the method call
to specify the distribution constraints, with parameters being passed by value or reference,
depending upon the underlying remote procedure call implementation. Methods can have
return values, which typically must conform to a standard set of primitive data types that
are supported on all machines involved in the data distribution. Methods are interactions
between one sender and one receiver, typically the producer of the data and its consumer,
respectively.

Upon invocation, the client-server-based distribution connector engages in a data
access, grabbing and mutating persistent and transient data. After data is accessed, it is
packaged into streams that are delivered using exactly-once delivery and bounded packet
size managed by the underlying TCP/IP protocol. Data can be raw or structured in the
stream. Stream throughput is measured in atomic units (bits per second), and streams are
identified using stateful Uniform Resource Names (URNs). Streams can be local or remote,
depending on where the data was accessed or packaged.

Data is distributed from client-server-based connectors using a naming registry to
locate the requesting consumer of data. Data is delivered through method (or interface)
parameters and return values. It is sent exactly once, using the unicast delivery mechanism.
Routing is performed by the underlying TCP/IP network using static membership identified
via a naming registry.

. Example - instances.of client-server-based data distribution connectors include
HTTP/REST (recall Chapter 1), Java RMI, CORBA (recall Chapter 4), FTP, SOAP,
and many commercial UDP technologies.
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5.5.4 P2P-Based Data Distribution Connectors

The P2P-based data distribution connectors are compositions of four of the connector
types from Section 5.4: arbitrator, data access, stream, and distributor. These connectors
are unlike the other three categories. Rather than providing some sort of initial procedu-
ral or event-based invocation, these connectors typically rely on arbitration as a means
of synchronization and invocation. Arbitration involves control flow redirection between
distributed resources, or peers, operating in a networked environment. Arbitrators can
negotiate protocols, scheduling, and timing issues. Fault handling and parameter pass-
ing is handled in an egalitarian fashion via voting and point-to-point or point-to-many
communication between peers or groups of peers. P2P-based distribution connectors use -
rendezvous as a mechanism to achieve concurrency and scheduling. Transaction support
is often available, and invocation can be rolled back if necessary.

Upon invocation, peers in a PZP-based distribution connector engage in data access,
accessing transient (both process- and thread-specific) and persistent (for instance, repos-
itory, file I/O, and so on) data. Since peers can come and go in a P2P-based scenario, for
the most part datd access is transient in nature: A peer need not stick around for the entire
distribution.

Data is accessed and packaged via streams, using a best effort bounded mechanism.
Data can be structured or raw, as long as it can be organized into identifiablé chunks that
can be retransmitted and shared between peers handled by the connector. Streams are
named URNS, typically identified using some hashing algorithm (such as SHA-1 or MD5),
and are available both locally and remotely depending upon where the data was accessed
or packaged.

Data is distributed in the P2P-based distribution connectors by locating other peers
that have pieces of data a user wants to obtain or distribute. Location of other peers is
based upon attributes such as resource type; SHA-1, and other domain-specific attribute
meta~data (for instance, for movie files ¢ ‘production company’ " might be used or for music

“artist name”). Delivery occurs in the form of chunks, sent to and from remote peers using
best effort or at least once semantics over unicast and multicast transmission channels.
Routing, while influenced by the underlying network layer, is handled by some sort of
tracking mechanism, sometimes called trackers or super peers. Tracking mechanisms allow
location of chunks of data streams that need to be distributed or obtained in a PZP-based
connector. ; ;

Example instances of the P2P-based distribution connector class include BitTor-
rent (Cohen 2003) and JXTA-based data distributors, such as the Peerdata project at
NASA's Jet Propulsion Laboratory. P2P systems employing such connectors are discussed in
Chapter 11. '

5.6 USING THE CONNECTOR FRAMEWORK

This section provides general guidelines for software architects in selecting connectors that
meet their needs. The section discusses the issue of connector compatibility: Understanding
which connectors, or connector dimensions, are and are not compatible is particularly
important in cases where composite connectors are needed.
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5.6.1 Selecting Appropriate Connectors

In selecting a software connector that meets the particular needs of a given (sub)system, a
software architect must perform at least the following steps. Note that the descriptions of
the steps are relatrvely general meamng that this process places significant responsibility
on the software archltects and requires-a great deal of famrlrarrty with the technical details
of connectors that are at their disposal.

1. Select the specific set of interacting components. Different sets of components,
even in the same system, may have different interaction needs. This is why it
is important for the architect to focus only on those components for which the
desired connector is needed. This and the subsequent steps are repeated for each
such component set, that is, for as many drstmct connectors as are needed in the
system.

2. Determine the interaction services the components need It is critical to iden-
tify the precise characteristics of the components” interaction. This will likely

involve studying the components”architectural descriptions, and may also require
considering the 1mplementatron language and/or framework

to estabhsh that the connector types chosen in this step may be good

candidates for supplymg the needed services. {

4. Evaluare: each connector type from the-chosen subset based on the detarls of the
interaction requirements. Study these in light of the connector types’ dimensions,
subdimensions, and values. Eliminate any.connector.types:whose usage is deemed
to result in a suboptimal interaction solutron for the: specrﬁc set of components
under consideration.. ... ,

5. For each of the remaining candrdate connector types et the:values for the neces-
sary dimensions and subdrmensrons asappropriate. Identrfy the best (most natural)
candidate connectors. This will require performing a trade-off analysrs among mul-
tiple possible solutions. It may also result in selecting a composite connector, which
combines features of multlple types, as further drscussed below

The classification of connectors descnbed in Section 5.4 thus serves as the foundatlon for
synthesizing new connectors as well as analyzing the compatibility ofconncetor dimensions.
Instantiating dimensions‘of a single connector type by choosing ‘one or more values forms
a simple connector species. On the other hand, using values of drmensrons from different
connector types leads to a composrte (higher-order) connector specres Many real-world
scenarios will force an architect to compose such higher-or connectors to satisfy all
application requirements. - i
The reader should note that creating unprecedented composrte ‘connectors is not a
trivial task. At the least, this requires developing a deep understanding of the connectors’
complementary, orthogonal, and .incompatible characteristics. Without such an under-
standing, the resulting integration process may be misguided and the developed solutions
suboptimal, or worse, completely ineffective. Examples of this have been documented in
the literature [for example, in the well known case of the interactions among the large
components used in the Aesop system (Garlan, Allen, and Ockerbloom 1995)].
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In the absence of a set of concrete, well-understood, and widely adopted rules for
defining composite connectors, it becomes difficult to-guide this process. Recent research
by, for example, Bridget Spitznagel and David Garlan (Spitznagel and Garlan 2003) sug-
gests some specific formalisms and strategies that can be adopted to address connector
composition. However, ultimately a comprehensive classification of connectors, such as
the one presented in this chapter, is necessary (though not sufficient) to create a general
set of guidelines that specify the conditions under which two or more connectors can be
composed. We discuss this issue in more depth next.

5.6.2 Detecting Mismatches

The connector taxonomy introduced in Section 5.4 can be leveraged to identify potential
mismatches between incompatible connector dimensions, and toavoid such combinations.
Figure 5-13 shows a compatibility matrix for the connector dimensions identified in the
classification from Figure 5-4 through Figure 5-11. The matrix provides guidance regarding
which combinations of dimensions are necessary and which should be avoided; the empty
cells in the matrix denote combinations that are possible, but not required. The sparseness
of the matrix suggests that the allowed design space of connectors.is very large based on
their current understanding. At the same time, some pitfalls are known to exist. Four kinds
of rules for combining connector dimensions can be identified: requires, cautions, restricts,
and prohibits.

The requires rule indicates that the choice of one dimension in one connector species
mandates that another dimension be selected in another connector species; it also allows all
possible combinations of the values of the given dimension and its required co-dimension.
For example, if a distributor and an adaptor connector are composed, distributor’s delivery
requires that the adaptor support presentation conversion, that is, that it allow data to be
marshaled for transport across address spaces.

Requires is a chaining rule and is used as the starting point for constmctmg the base
connector species. For example, an event connector that requires delivery semantics also
needsa notification dimension, which in turn requires cardmahtv, synchronicity,and mode.
This chaining rule results in identification of dimensions that are mandatory in all species
of a connector type, and those that are optional. In Figure 5-13, the mandatory dimensions
are in boldface, whereas the optional dimensions are in regular font.

The cautions rule indicates that certain combinations of values for two connector
dimensions that are required to be used in tandem, while valid, may result in an unsta-
ble or unreliable connector. For example, a component being invoked implicitly should
not have multiple entry points since an implicit invocation mechanism cannot choose
among the entry points. Another example'is the relationship between arbitrator connec-
tor’s concurrency dimension and data access connector’s locality dimension: the granularity
level at which concurrency is supported by the former (heavy-weight versus light-weight)
should match the level at which locality is supported by the latter (process—speaﬁc versus
thread-specific). ~

The restricts rule is used to 1nd1cate that the two dimensions are not requu:ed to be
used together at all times, and that there are certain combinations of their values that
are invalid. For example, thread-specific data access cannot use heavy-weight concurrency
(see the intersection of data access-locality with arbitrator-concurrency). Likewise, passing
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parameters by name when those parameters have only transient availability can cause the
parameters’ values to disappear, be changed, or be affected by some read-modify-write
condition; the problem is exacerbated when these parameters are passed by reference and
the procedure has no place to store their new values or to access the old ones (see the
intersection of procedure call-parameters with data access-availability).

Finally, the prohibits rule is used to exclude any combination of two dimensions from
being used and indicates total incompatibility of the dimensions. For example, stream deliv-
ery cannot be built on transactional atomicity (see the intersection of stream-delivery with
arbitrator-transactions). As can be seen in Figure 5-13, there are relatively few instances
of the prohibits relationship. This is a positive indicator, as it shows that most connector
combinations are legal at least under some circumstances. At the same time, the large
numbers of restricts-and cautions relationships in Figure 5-13 also mdlcate that software
architects must be careful when composing connectors. ,

While the above discussion was restricted to the binary combinations of connector
dimensions, the compatibility relations between dimensions are transitive. In other words,
the compatibility rules can be successively applied to determine the n-ary compatibility
between dimensions. The binary relations outlined in this section would serve as a necessary
starting point for analyzing the n-ary relations.

Explicit, targeted study of software connectors is a relatively recent accurrence. There
still are many details that need to be uncovered and understandings improved..Figure 5-13
is indicative of this: The sparser sections of the compatibility matrix argue for the need for
greater understanding of certain combinations of connector types (such as data:access.and
stream). It is reasonable to expect that, as our understanding of connectors improves over
time, the compatibility matrix, as well as the rationale behind it, will also evolve.

5.7 END MATTER

Everysoftware system employs connectors, frequently many of them. In complex distributed
systems in particular, connectors can be the key determinants of whether the desired system
properties will be met. This observation is often made, yet connectors are not always given
first-class status in software systems, and have certainly not been studied to the same extent
as components.

This chapter has presented a detailed study of software connectors. At the most basic

level, each connector establishes a conduit (which can be thought of, and referred‘to; asa. -

virtual channel or duct) for two or more components to interact by exchanging control and

data in a software system. The actual manner in which data and/or control are €xchanged,
however, and the specific’ characteristics of that exchange, can vary widely. This'is what

makes the space of software connectors quite large and complex.

As this chapter has argued; the space of connectors can be better understood by con51do
ering the role (or roles) played by a given connector and the type (or types) of interaction
supported by the connector. At:the same time, the large number of variation: points for
each connector type (the dimensions, subdimensions, and values introduced in Section
5.4) require that the (in)compatibilities among connectors be considered carefully. While
this area clearly requires further study, the existing body of knowledge; if applied judiciously;
can be a great aid to software architects and developers.
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The following several chapters will use this as well as the preceding chapters as the
foundation for introducing the reader to a number of key activities in architecture-driven
software development. Chapter 6 focuses on the principles of architecture modeling'and
presents the details of a number of software architecture description languages. Chapter 7
introduces the reader to the approaches for visualizing software architectures. Chapter 8
provides an overview of architectural analysis. Chapter 9 discusses the challenges and
solutions for architecture-based system implementation. Finally, Chapter 10 focuses on
the postimplementation concerns of system deployment and run-time mobility.

The Business
Case

5.8 REVIEW QUESTIONS

1. Define a software connector. 8. Why is connector composition challenging?
2. How are connectors different from components? 9.. Are there connector types that can always be com-
3. What is a duct? What purpose does it serve!? posed? ) - : -
4. What is the difference between the transfer of control 10. Are there types that can never be composed?
- and the transfer of data? R 1.1. What are data-intensive connectors?
5. Name and describe the four possible roles:played by ..~ 12. What characteristics do all data-intensive connec-
aconnector. - : tors'share?

6. How is facilitation different from conversion?

7. Name and brieﬂy describe the eight different con-
" nector types. -
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5.9 EXERCISES

1. For each connector type discussed in this chapter, try
to identify a specific connector species that belongs
to that type.

2. For the connectors identified in the previous ques-
tion, enumerate the dimension and subdimension
‘values that each of the connector species takes.

M

Analyze the connectors used in the different Lunar
Lander examples in'Chapter 4 to determine the con-
nector types to which they belong. Specify the values
they take for. different dimensions and subdimen-
sions.

4. Consider the Aesop system developed by Garlan
et al. and described in (Garlan, Allen, and
Ockerbloom 1995). Develop a detailed strategy for
integrating Aesop's four major components by explic-
itly treating its connectors. Would your strategy have
helped Aesop’s developers to deal with the archi-
tectural mismatches among the components more
effectively than their adopted strategy?

5. Select a software system with which you are inti-
mately familiar. Isolate one of the connectors in
the system (for example, a procedure call connec-
tor). Replace that connector with a connector of
a different type (for example, an event connector).
What were the required steps in doing so? Discuss the
lessons learned.

6. Select a software system with which you are inti-
mately familiar and which uses mostly procedure call
connectors. Replace all procedure call connectors
in the application with explicit, named connec-
tors, thereby completely decoupling the interacting
components. Discuss the relative merits of the two
applications’ architectures.

S
.

Repeat the above exercise by changing one or more
connectors that support synchronous interaction
between components with connectots that support

asynchronous interaction. What challenges did you
face in accomplishing this task? Does the modified
application exhibit the same behavior as the original
application? Why or why not?

&

Several open-source systems, available from Source
Forge.net and similar online repositories, are ac-
companied by thorough design documentation.
Select at least two open-source systems and study
their architectures. Identify their connectors. Clas-
sify the connectors according to their types. Can you
spot any trends in the systems’ connector usage! -

Mehta et al. (Mehta, Medvidovi¢, and Phadke 2000)
have argued that the Linux Process Scheduler sub-
system identified in the study by Bowman et al.
(Bowman, Holt, and Brewster 1999) is, in fact, a
connector. Investigate the implications of this deci-
sion. In order to do so, you may want to consider
treating Process Scheduler as a component, or as a
subarchitecture comprising a composition of finer-
grained components and connectors. Were Mehta et
al. correct in their decision? Does their decision fun-
damentally alter the architecture of Linux, or one’s
understanding of it?

g

>

Q. This chapter has suggested that, architecturally, the
different classes of data-intensive connectors are sim-
ilar to a certain extent. Select two such widely used
connectors from different categories—for instance,
client-server and peer-to-peer. Based on their archi-
tectures discussed in Section 5.5, outline a strategy
for converting one connector into the other.

11. Study the Question 10’s two connectors’ architec-
tures and implementations in more detail. Was your
conversion strategy viable? If so, proceed with the
conversion. If not, discuss the reasons why, adjust
your strategy as appropriate, and proceed with the
conversion.

5.10 FURTHER READING

Software connectors have been an important facet in
developing large, complex software intensive systems for
a long time. While they may not have been the primary
focus of study, and may not have been identified explicitly,
connectors figured prominently in the operating systems,
programming languages, distributed systems, computer

networks, and middleware literature [for instance (Reiss
1990), (Colouris, Dollimore, and Kindberg 1994), (Yellin
and Strom 1994), (Orfali, Harkey, and Edwards 1996)].

The explicit focus on software connectors is more recent
and has emerged from the body of work dealing with
software architecture. Perry (Perry 1987) provided the
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needed foundation in his study of software interconnec-
tion models. Perry and Wolf (Perry and Wolf 1992) were
the first to suggest connectors as first-class entities in a
software architecture, and Shaw and Garlan (Shaw 1994;
Shaw, DeLine, and Zelesnik 1996; Shaw and. Garlan
1996) soon followed suit. Allen, Garlan, and Ockerbloom
(Garlan, Allen, and Ockerbloom 1995) demonstrated
that explicit connectors can provide a substantial aid in
system specification, and can carry significant, inherent
analytical power.

Several researchers have tried to classify connectors as an
aid to software architects in making the most appropriate
design choices. An early such effort by Hirsch, Uchi-
tel, and Yankelevich (Hirsch, Uchitel, and Yankelevich
1999) was limited in scope, but it directly inspired the
more detailed study by Mehta, Medvidovi¢, and Phadke

(Mehta, Medvidovi¢, and Phadke 2000), which has been

referenced extensively in this chapter. Balek and Pl4sil
(Balek and Plasil 2001) have proposed a formal connec-
tor model for dealing with software deployment (recall
Chapter 3). In particular, they posit that the basic set of
dynamic services that a connector should provide to aid
deployment maps directly to the key service categories in
Mehta et al.’s taxonomy: control and data transfer, inter-
face adaptation and data convetsion, access coordination
and synchronization, communication intercepting, and
dynamic component linking. Balek-and Pl4sil addition-
ally demonstrate that their connectors can be composed
to provide more advanced interaction services, in a simi-
lar vein to Spitznagel and Garlan’s later work (Spitznagel

and Garlan 2003).
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Modeling

As we have stated, ,evefy software system has an architecture, whether it is a “good”
architecture or not. We have previously defined architecture as the set of principal
design decisions ‘about a system: Once design decisions have been made, they can be
recorded. Design decisions are captured in models; the process of creating models is
called modeling. From Chapter 3 we have

Definitions. An archit tural model is an artifact that captures some or all of the
design decisions that comprise a system’s architecture. Architectural- modeling is the
reification and documentation of those design decisions. e

Models can capture architectural design decisions with varying levels of rigor and
formality. They enable users to communicate about, visualize, evaluate, and evolve an
architecture. Without models architectures are inscrutable. '

Throughout the chapter, we also dlscuss how arclutecture modelmg notations are used
to capture design decmons

Definition. An archltectural modelmg notation is a language or means of capturmg
design decisions. , A :

Available architecture modeling notations range from the rich and ambiguous (such
as natural language) to the semantically narrow and highly formal (such as the Rapide
architecture description language). While some models conform to a single notation,
amodel may also use a mix of different notations. For example, a single model may use
the Unified Modeling Language (UML) class diagram notation to describe the classes
in a system, but annotate them with natural language descriptions of their functions.

This chapter introduces a broad variety of modeling concepts that are captured in
archltectural models, from basic archltectural elements (for instance, components
and connectors) to more complex properties of systems. such as behavioral models.
It then covers some of the many available options for capturing different aspects.of an
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Outline of
Chapter 6

CHAPTER ¢ MODELING

architecture, from the semantically weak (such as PowerPoint modeling) to those with
formal semantics. Finally, it discusses the strengths and weaknesses of some of these
notations as applied to some of the systems we've discussed already, such as Lunar

Lander and the World Wide Web.

6.1 MODELING CONCEP'I'S

In this chapter, we discuss a broad spectrum of kmds of thmgs that can be modeled in an
architecture; and then discuss how various notations can be selected and used to facilitate
this modeling. Specifically, for each concept we identify, we will identify what it takes to
effectively model that concept—which notational features, and so on.

6.1.1 Stakeholder-Driven Modellng

One of the most critical decisions that architects and others stakeholders will make in
developing an architecture is to choose:

1. . The architectural decisions and concepts that should be modeled.

2. The level of detail.

3. The amount of rigor or formality.
These decisions should be based on costs and benefits. Architects should balance the benefits
of having certain. models in certain forms or notations with the costs of creating and

* maintaining those models. Thus, the choice of what to model, and at what level of detail,

will be stakeholder driven. A good rule of thumb is that the most important or critical
aspects of ‘a system should ‘be the ones' that are modeled m the greatest detail ‘with the
highest degrees of rigor/formality. »
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_Figure 6-1, borrowed. from Mark Maier and Eberhardt Rechtin’s book; The Art.of
Systems Architecting (Maier and Rechtin 2000), graphically depicts this.concept: It shows
five concerns about the system identified by stakeholders. In this particular case, Concern
1is’of ‘great importance,-and ‘will ‘be: considered  and ‘modeled  deeply=—in' great detail.
Coniceins 2 and 4 are less important and will be modeled shallowly. Because the concerns
and their relative levels of importance will vary from pro;ect to prOJect, each pro;ect Wlll
have somewhat different modeling rieeds. - '

Modelingisan activity, and assuch it is often govemed by a process It w1ll undoubteclly
be:partof the larger-process of architécture-centric software’ developrerit that we have
been:discussing:in this book. However, modelmg 1tself isa subprocess, and the process of
modeling can vary widely from project to project. e el esgmme e 25

The basic activities behind stakeholder—duven modelmg are tosi il £3 0%

1. Identtfy relevant aspects of the software to model
.-2.. .Roughly categorize them in terms of importance. .
3. . Identify the goalsof modeling for each aspect (commumcatlon, bug ﬁndmg, quahty
" analysis; generatxon of other artifacts, and'so on). R o Beurieid
4. Select modeling notations that will model the selected aspects at appropnate levels
+ of depth to-achieve the modeling goals; = 7+ o = ‘

5. Create the models. ’
‘ f 6. Use the models m a manner con51stent w1th the modelmg goals S

i Although the steps outlmed above aresin’ rough chronologteal order, they can: be
incorporated into.an-iterative process It is:almost never ¢lear from the outset-of a project
what:all the important-aspects, of :a software: system- are;: what the goals of modeling are,
and whether those goals:are achievable using available notations; technology; time;-and
money. Assuch; these estimations must-be reevaluated and refined multiple times through
assystem’s development and-the:models and modeling effotts adjusted-accordingly:
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6.1.2 Basic Architectural Concepts

While each architecture is different, we have previously identified (particularly in Chap-
ter 4) certain kinds of elements that are of importance when talking about architectural
designs. These include the following.

Components. Components are the architectural building blocks that encapsulate a subset
of the system’s functionality and/or data, and restrict access to them via an explicitly defined
interface. - ‘

Connectors. Connectors are architectural building blocks that effect and regulate interac-
tions among components. '

Interfaces. Interfaces are the points at which components and connectors interact with
the outside world—in general, other components and connectors.

Configurations. Configurations are a set of specific associations between the components
and connectors of a software system’s architecture. Such associations may be captured via
graphs whose nodes represent components and connectors, and whose edges represent their
interconnectivity.

Rationale. Rationale isthe information that explains why particulararchitectural decisions
were made, and what purpose various elements serve.

These concepts form a starting point for architectural modeling. At the most basic
level, modeling these concepts requires. a notation that can express a.graph of compo-
nents and connectors; preferably with well-defined connection points (interfaces). These
languages can be relatively simple—basic box and arrow. diagrams or lists: with -appro-
priate.internal references will suffice. Rationale is somewhat different because:it is more
amorphous. Rationale is primarily used for communicating information and intent among
stakeholders, and is.generally not represented explicitly in the actual, built software sys-
tem. As such, languages for expressing rationale need to be more expressive and' less
constrained—rationale is most often-expressed using natural language for this reason.

Modeling at only the most basic level (that is, enumerating the existence and inter-
connections of the various components and connectors) provides a small amount of value,
but these models will not suffice for most complex projects. Rather, these models must
be extended and annotated with a host of other concepts: How are the functions parti-
tioned among the components? What are the nature and types of the interfaces? What
does it-mean for a component and a connector to be linked? How do all these prop-
erties of a system change over time! These questions are: at-the heart of architectural
modeling.

Depending on the nature of the system being developed and the domain, it may or may
not be straightforward to represent these basic elements. For example, in a desktop appli-
cation such:as a word processor or spreadsheet;, the software components-and connectors
will be relatively:static and few in number. Even with a very complex desktop application
containing, say, 500 to 1000:components-and connectors, it is-feasible to enumerate and
describe each-of these elements as well as the interconnections among them.

Applications that are large; dynamic, and distributed may be harder to- model. For
example, it is'basically-impossible to-enumerate all the software .components that are part
of the World Wigle Web or their configuration: There are too many of them and they are
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constantly coming and going. For these applications, it is probably more reasonable to
model only parts of the system, or specific configurations that represent expected use cases.
Alternatively, it may be more effective to model the architectural style that governs what
kinds of elements may be included in the architecture and how they may be configured.

6.1.3 Elements of the Architectural Style

Recall that an architectural style is a collection of architectural design decisions that are
applicable in a given development context, constrain architectural design decisions that
are specific to a particular system within that context, and elicit beneficial qualities in each
resulting system. In addition to'modeling basic architectural elements, it is often useful to
model the style that governs’how these elements have been (and may be) used.

. Note that architectural styles, like architectures, are made up of design decisions. These
design decisions’can ‘also be modeled. Explicitly modeling the architectural style can be
helpful for a number of reasons. it reduces confusion about what is and‘is not allowed in
the architecture. It can help to reduce architectural drift and erosion. It makes it easier to
distinguish whether a specific design decision in an architecture was made to conform to
a stylistic constraint or for some other reason. It can help to guide the evolution of the
architecture. It can be more feasible and useful than structural modeling (component and
connector graphs) for large or dynamic systems. Because styles are generally applicable to
many projects, style models canbe reused from project to project. Styles represent a single
place to capture cross-cutting concerns and rationale for an architecture.

Thekinds of design decisions found in an architectural style are generally more abstract
or general than these found in an architecture. Some kinds of desngn decxsxons that might
be captured in a style model include: : ' o

Specific Elements..A s_tyle may. prescribe that particular components, connectors, or inter-
faces be included in architectures or used in specific:situations. This can be facilitated by
a modeling approach that.supports templates or base models that are then elaborated.

Component, Connector, and Interface Types. Specific kinds of elements may be permitted,
required, or prohibited in the architecture. Many modeling approaches are accompamed
by a type system, although they often have different semantics.

Interaction Constraints. Constraints on inteéractions between components and connectors
may-exist. These constraints can take many forms. They may be temporal (“calling com-
ponents must call init() before any other method”). They may be topological (“only
components in the client layer are'allowed to invoke components in the server layer”). They
may specify particular interaction protocols, either by name (FTP, HTTP) or specification
(formal protocol specifications in a language such as CSP or sequence charts). Modeling
approaches that support constraints generally leverage some sort of loglc—ﬁrst—order logic,
temporal loglc, and'so on.

Behavioral Constraints: Constraints on the behavior of architectural elements, or kindsof
elements; may be included. Constraints can run the gamut from simple rules to full-blown
complete behavioral specifications for components expressed in-a notation such as finite
state automata: Here again, modeling approaches that support behavioral constraints-use
either logic or other formal models (such as automata diagrams).
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Concurrency Constraints. Constraints on which elements perform their functions con-
currently and how they synchronize access to shared resources can also be included in an
architectural style. Approaches that support concurrency modeling often employ formal
behavioral models of various architectural elements; many also include temporal modeling
techniques, such as sequence charts and statecharts.

6.1.4 Static and Dynam|c Aspects

Architectural design decisions may address both static and dynamlc aspects.of a system.
Static aspecis of a system are those that do not involve the system’s. behavior while it is
executing. Dynamic aspects of a system involve the system’s runtime behavior.

Static aspects are generally easier to model simply because they do not involve changes
over time. Typical models. of static system aspects might include component/connector
topologies; assignments of components and connectors to processing elements or hosts,
host and network configurations, or mappings of architectural elements to code or binary
artifacts. ; ;

Dynamic aspects of a system can be harder to model because they must deal with
how a system behaves or changes over time. Typical models of dynamic-aspects may. be
behavioral models (describing the behavior of a component or connector over time), inter-
action models (describing the interactions between a set of components and. connectors
over time), or data flow models (describing how data flows through an architecture over
time).

.The static/dynamic dlstmcuon is often not a clear line. For example, a system’s struc-
ture may be relatively stable, but may change occasionally due to component failure,.the
use of flexible connectors, or architectural dynamism (see Chapter 14). In these cases, mod-
els that capture both static and dynamic system aspects may be employed: For example, a
(static) base topology may be accompanied by a'set of transitions that descrlbe a'limited
set of changes that may occiir to that topology during execution:

There is an important distinction between modeling static and dynamic dspects of a
system and using static or dynamic models. The former refer to properties of the system
being modeled The latter refer to changes to the models themselves. A model of a dynamic
aspect of a system describes how the system (often, its internal state) changes as it executes.
A dynamic model actually changes itself.

Dynamic models are not necessary to capture dynamic aspects.of a system, Consider
a statechart. A statechart can capture the behavior of a component over time (a dynamic
aspect), but the statechart itself does not generally change (for example, acquire new nodes
or transitions) as the component executes. If the statechart were connected to.a running
system such that the current state of the system was always highlighted in the statechart,
then the statechart would become a dynamic model. Such a statechart would be useful for
visualizing the behavior of an application, perhaps for debugging purposes.

Supporting dynamic models is more difficult than supporting static models. Once
developed, static models can be incorporated into a system in “read-only” mode—they
are static resources that can be ‘used as a“basis: for implementation, comparison;, and
analysis. Dynamic models must be incorporated in “read-write” mode-—the system’s exe-
cution can change the model itself. This requires tool support to keep the model and the
system synchronized and consistent. For these mechanisms to operate automatically, the
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model must be stored in a machine-readable and writable form, and the model must be
appropriately mapped to the implemented system. Visualizations of the model must also
be suitably dynamic, reflecting changes to the model on-the-fly if possible.

6.1.5 Functional and Non-Functional Aspects

Architecture can capture both functional and non-functional aspects of a system. Func-
tional aspects relate to what a system does. Non-functional aspects relate to how a system
performs its functions. A good rule of thumb for thinking about this distinction is that
functional aspects of a system can be described using declarative, subject-verb sentences:
The system prints medical records. Non-functional aspects of a system can be described by
adding adverbs to these sentences: The system prints medical records quickly and confiden-
tially. An extensive survey of non-functional properties from an architectural perspective
is contained in Chapter 12. .

Because functional aspects are generally more concrete, they are easier to model and
can often be modeled rigorously and formally. Typical functional models of a system might
capture the services that are provided by differént components and connectors and the
interconnections that achieve the overall system functions. They may capture the behav-
ior of components, connectors, or subsystems, describing what funcrions those elements
perform. Functional aspects of a system can be static or dynamic.
~ Most modelmg notations focus on capturing functional aspects of s systems. Notatnons
and approaches differ in the aspects of a system that can be described, and how Any
selected notation or modeling approach must employ a sufficient number of concepts to
express the aspect; the underlying semantics of the approach will determme the kmds of
reasoning and analysis that can be applied.

Non-functional aspects of systems: tend. to be qualitative and subjective. Models of
non-functional aspects of systems-may be more informal and less rigorous than functional
models, but this does not mean they should not be captured. Often, functional aspects of
systems are developed specifically to correspond with or achieve non-functional objectives.
For example, a non-functional model might simply prescribe that the paycheck-processing
component be fast. The functional model of the paycheck component may describe how
the paycheck-processing component uses caches and local processing—two functional
strategies that help to achieve the modeled non-functional aspect.

Much like design rationale, non-functional aspects of systems are difficult to model
with rigor. Expressive, free-form notations such as natural language are often used for cap-
turing non-functional aspects. It is useful, however, to employ approaches with support for
traceability, which allow modelers to explicitly map non-functional properties to functional
desngn decisions.

6.2 AMBIGUITY, ACCURACY, AND PRECISION

Architectures are abstractions of systems. They capture information about some aspects of
the system and leave out other aspects. Ideally, the principal, most important aspects of a
system will be well defined by the architecture. The parts that are specified may describe the
nominal state of the system and leave out unusual states. This is, to some extent, normal:
Aurchitectures are not meant to be complete implementations of a system. Consequently,

Sony

191

Exhibit 1018 Page 214

Sony v. Quantum  IPR2023-00954



192

CHAPTER 6 MODELING

the notations used to capture architectures do not have to be completely unambiguous,
accurate, and precise.

Three key concepts can be used to characterize architectural models: ambtgulty, accu-
racy, and precision.

6.2.1 Ambiguity

Definition. A model is ambiguous if it is open to-more than one interpretation.

Because conflicting interpretations of a model may lead to misunderstandings, bugs, and
errors, it is generally desirable to eliminate ambiguity in design. Incompleteness is a pri-
mary reason for ambiguity in models: When some aspect of a system is left unspecified,

' different stakeholders may make different assumptions about how the gap should be filled

in. Architectures are necessarily incomplete: They address principal desxgn dec1s1ons about
a system, not every' design decision.

For this reason, it is generally impossible to completely eliminate ambiguity in archi-
tectural models. Additionally, the costs of attempting to do so will nearly always outweigh
the benefits. Therefore, a balance must be struck. A good gutdelma is to allow aspects
of the system to be ambiguous with the consent of appropriate stakeholdets, proceeding
when they agree that the architecture is “complete enough” and remaining decisions can
be made in a future development activity. While this evaluation proceeds, it is useful to
specifically ldennfy and document ambiguous aspects of the architecture as a kmd of design
rationale.

622 Accuracy and Precision

Many conceptions of accuracy and precision, including dictionary definitions; conflate the
two: terms. Here, we will adoptan interpretation that more clearly delineates them.

Definition. A model is accurate if it is correct, conforms to fact, or devnates from
correctness wnthm acceptable limits. '

Deﬁmtum A model is prectse if it is specxﬁc, detalled and exact.

Accuracy deals with correctness, while precision deals w1th exactness. In architectural
terms, a model is accurate if it conveys correct information about the modeled system.
A model is precise if it conveys a lot of detailed information about the modeled sys-
tem. It may seem as 1f these concepts go hand in hand, but in fact Lhey are somewhat
orthogonal.

Figure 6-2 graphically depncts the dlstmctlon between accuracy and precision as.a
set of targets that have been shot. Consider each shot to be an assertion about a system
being designed. Figure 6-2(a) shows a set of shots (assertions) that are neither accurate
nor precise: they are not close together and are not near. the target. Archltecturally, this
represents design decisions that are both incorrect (that is, inaccurate) and vague or general
(that is; imprecise). Figure:6-2(b) shows shots that are accurate, but not-precise:: They
are clustered around the target, but are not close together. These assertions are accurate
(correct) but vague and lacking detail. Architecturally, this might be a result of ambiguity
or-correct descriptions:of only a few aspects of the system. Figure 6-2(c) shows:shots that
are precise, but not accurate: They are clustered close together, but they are not near the
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target. This could be interpreted as assertions about the system that aré highly detailed,
but wrong. Figure 6-2(d) shows shots that are both precise and accurate: The assertions are
both detailed and correct.

In developing an architecture, accuracy should generally be favored over precision.
Precision and completeness are, of course, desirable, but later phases of detailed design
and implementation will necessarily flesh out the missing detail. However; inaccurate
architectural models that mislead stakeholders in these’ later phases will generally lead to
costly errors in later development activities.

""" Notations and modeling approaches can have a significant effect on the ambiguity,
accuracy, and precision of models. Some notations include elements that are purposefully
ambiguous—they allow stakeholders to interpret their meaning in the manner most use-
ful to their project. Other notations are based on formal semantics, and- enicourage less
ambiguous and more precise specifications. In these approaches, the designers specify what
each element means and how it should be interpreted. Often, these mterpretatlons are
built directly into visualization and analysis tools.

Stakeholders can find utility in all kinds of modeling approaches, from the ambiguous
and imprecise to those with formal semantics. Approaches that promote reduced-ambiguity
and increased accuracy and precision are often more costly to use because they have higher
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learning curves and require more detailed modeling. For these reasons, stakeholders should
generally choose notations that allow unambiguous, accurate, and precise modeling of the
aspects of the system ‘that are the most important. Other approaches can be used for less
important aspects of the system. Since no notation will be ideal for modeling every aspect
of a system, combinations of notations should generally be used to capture an architecture.

6.3 COMPLEX MODELING: MIXED CONTENT AND MULTIPLE VIEWS

Architecture models are complex artifacts. They attempt to capture all the design decisions
about a system that are important to a wide variety of stakeholders. Additionally, different
aspects of the same concept will be captured simultaneously, for example, a component’s
interconnections to other comporents, its behavior, and its version history. There is simply
too much information to deal with all at once, and attempting to do so is not productive:
Stakeholders generally want to interact with the parts of the architecture that.are most
important from their own perspective. .

_In general, no single approach will be able to capture all the aspects of an architecture
foraproject. This means that‘\”ra‘ri,ous parts of the architecture may have to be modeled using
different approaches. For example, non-functional aspects of a system may be captured using
natural language, structure with a component-connector graph, and various component
behaviors with statecharts.

6.3.1 Views and Viewpoints

This situation induces the notion of views and viewpoints.

Definition. A view is a s‘eg of design decisions related by a common concern (or set
of concerns).

Definition.. A viewpoint defines the petspective' from which a view is taken.
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A view is‘an-instance of :a viewpoint for a specific system. Put-another:way, a viewpoint
is a filter for information, and a view is what you see when you look at a system through
that filter. For example, consider the domain of systems in which software components
are dlstnbuted across multiple hosts. The deployment viewpoint is a perspective on such
'systems that captures design decisions related to how components are assigned to hosts.
The deployment view of a particular system captures how components are a551gned to hosts
for that particular system.

Figure 6-3 shows the deployment views of.two.different: systems. Figure 6-3(a)-shows
the deployment view, of a client-server system. Figure 6-3(b) shows the deployment view
of a distributed space-ground system like Lunar Lander. However, both. of these views are
taken from the deployment viewpoint; that is, they both capture design. decisions.dealing
with the deployment of components onto hosts.

In general, viewpoints are associated with.one concern..Examples of viewpoints that
are commonly captured mclude~

. Logzcal Vlewpomt Captutes the loglcal (often software) entities in a system and how
they are interconnected. e

o Physical Viewpoint: Captures the phy51cal (often bardware) entities in a system and
how they are interconnected.

« Deployment Viewpoint: Captures how logical entities are mapped onto physical entities.

.o.Concurrency Viewpoint: Captures how concurrency and threadmg will be managed in
a system,

« Behavioral Vlewpomt Captures the expected behavmr of (parts of) a system.
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It is also possible for multiple views to be taken from the same viewpoint for the
same system. That is, there might be multiple deployment views for a single system, with
different levels of detail. One view might show only top-level components, while another
might show both top-level components as well as subcomponents and-additional internal
structure. , ‘

The use of views and viewpoints in modeling is important for several reasons:

+ They provide a way to limit presented information to a cogmtwely manageable subset
of the architecture.

» They display related concepts simultaneously.

o They can be tailored to the needs of specific stakeholders.

» They can be used to display the same data at various levels of abstraction.

6.3.2 Consistency-among Views

Often, the same or related information will be present in two or more views. This immedi-
ately gives rise to an important question: How does one know whether two views are
consistent- with each other? This reqmres a definition of consistency with respect to
architectural views.

Views are consistent if the design decisions that they contain are compatible. Alterna-
tively, consistency can be seen as the absence of inconsistency. An inconsistency occurs when
two views assert design decisions that cannot both be simultaneously true. Many kinds of
inconsistency can arise. Some kinds of inconsistency that might occur in a multiple-view
architecture description include the following.

Direct Inconsistencies. These inconsistencies occur when two views assert directly con-
tradictory propositions such as “the system runs on two hosts” and “the system runs on
three hosts.” These inconsistencies can often be detected by automatic mechanisms that
employ appropriate constraints and rules.

Refinement Inconsistencies. These inconsistencies occur when two views of the same
system at different levels of ‘detail assert contradictory propositions. For example, a “top
level” structural view contains a component that is absent from a structural view that
includes subarchitectures. These inconsistencies can also be automatically detected: with

_appropriate consistency rules, provided both the top-level and refined views contain enough

information to understand the relationship between the two.

Static Aspects versus Dynamic Aspects. In this inconsistency, a view of a static aspect of
a system conflicts with a view of a dynamic aspect. For example, a message sequence chart
view might depict the handling of messages by a component that is not contained in the
structural view. These inconsistencies can be somewhat harder to automatically detect,
depending on how explicit the dynamic aspect’s specification is.

Dynamic Aspeds In this inconsistency, two views of dynamic aspects of the system
conflict. For example, a message sequence chart depicts a specific interaction between
components that is not allowed by the behavioral specifications contained in those
components” statecharts. These inconsistencies are often extremely difficult to detect
automatically because it would require extensive state exploration or simulaticns.
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Functional versus Non-Functional Aspects. These inconsistencies occur when: a non-
functional property of a system prescribed by a non-functional view ‘is not met by the
design expressed in functional views. For example, a non-functional view of a client-server
system may express that the system should be robust, but the physical view of the system
may show only a single server with no evidence of failure-handling machinery. These

inconsistencies are the most difficult to detect because of the general and abstract nature

of non-functional properties.

Figure 6-4 shows two hypothetical views. of a distributed Lunar Lander system The
physical view (a) depicts three hosts;a Ground System, a Command Module: Computer,
anda Lander Computer. However, the deployment view (b) shows components assigned to
only two hosts, aGround System-and a Lunar Lander. It is fairly easy to see that something
is not right here—there is an inconsistency between the physical and deployment view.
The inconsistency fits our above definition—the physical view asserts the design decision
that Lunar Lander runson two hosts, whlle the deployment view  asserts the dec151on that
Lunar Lander runs on three. - AT

This inconsistency is relatively easy to spot just by lookmg However, othet, more
subtle inconsistencies (such as inconsistencies between different behavioral specifications
of an archltecture) are harder o detect and more costly to fix.

@ (b)
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Figure 6-4.

A Lunar Lander
system’s physical
view (a) and
logical view (b).
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Detecting, identifying, and resolving inconsistencies among views is-a-difficult prob-
lem. First, stakeholders must agree. on what ‘‘consistency” means for their particular choice
of views and modeling notations. Then, strategies must be employed ‘to' locate and deal
with inconsistencies. These can range from manual approaches such as inspections and
checklists to automated approaches:such as model checking and simulation.. Chapter 8,
which covers architectural analysis, discusses in detail'specific approaches for dealing with
inconsistency.

Inconsistency is generally, but not always, undesirable. Inconsistencies will arise as a
natural part of doing exploratory design—as you design an architecture, parts of it may be
temporarily inconsistent as the design evolves: Sometimes, inconsistencies-are left in an
architecture deliberately upon agreement of the stakeholders to deal with a special case,
or because repairing the inconsistency would be too costly.

6.4 EVALUATING MODELING TECHNIQUES

In the past sections, we have explored a number of dimensions that can be used to char-
acterize different modeling techniques. These dimensions can be turhed into a rubric for
critically thinking about and evaluating different modeling techniques. This rubric will be
applied to several techniques in the remainder of this chapter.
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6.5 SPECIFIC MODELING TECHNIQUES

Architects have at their disposal a panoply of notations and techniques for modeling
different aspects of architectures. These techniques vary along many dimensions: what they
can model, how precisely they can capture architectural semantics, how good their tool
support isy and so-on. Which methods are used, and for what purposes, will be largely up to
a system’s architects and stakeholders. While many approaches for modeling architectures
are broadly scoped and applicable to many systems in many domains, it is important not
to become dogmatically attached to any one approach.

The next sections discuss and evaluate various approaches that can be used for model-
ing software architectures. A simple version of the Lunar Lander system is used as a running
example to illustrate and compare modeling techniques.

6.5.1 Generic ‘Techniquesv

These techniques are often used to describe a software: architecture in whole or'in part,
although they were not specifically developed or adapted for this purpose. As such they
tend to be flexible but have few semarmcs

Natural Language ~

Natural languages, such as Enghsh are an obvious way to document architectural design
decisions. Natural languages are expressive, but tend to be ambiguous, nonrigorous, and
nonformal. Natural language cannot be effectively processed and understood by machines,
and thus can only be checked and inspected by humans.

Despite these drawbacks, natural-language modeling can be the best way to capture
some aspects of an architecture. For example, non-functional requirements are often cap-
tured using natural language since they are abstract and qualitative. Natural language is
easily accessible to stakeholders and can be manipulated with common tools such as word
Processors.

. An alternative to usmg pure natural language is to use a restrlcted form of it. Users
can create and consistently employ. a dictionary of terms in order to limit certain kinds of
problems (for instance, ambiguity that can arise from using different terms.for the same
concept, or lack of clarity). Statement templates, which are natural language statements
or, paragraphs with fill-in-the-blanks parameters can be another-way to.increase rigor
in natural language. However, overusing this strategy has a negative. effect———essentlally,
it creates a domain-specific language without any of the flexibility benefits of natural
language.!

l]ﬂ the early days of computmg. some programming language designers believed that programmmg lan-
guages could be improved by making them more like ‘natural language with added syntactic rigor. Thus,
languages like' COBOL included statements such as; “MULTIPLY X BY'5 GIVING Z,” instead of the
terser “2 = x * 5. Such techniques have fallen out of favor, as they only served ‘to 'make programs more
verbose: - : ‘
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Lunar Lander in Natural Language

Here, we introduce a simple three-component version of the Lunar Lander application
that will be used throughout the remainder of this chapter to illustrate the use of dlfferent
modeling approaches.

The Lunar Lander application might be described in natural language as shown in
Figure 6-5, which provides a fairly significant amount of information about the Lunar
Lander system. For example, the structure of the components and their dependencies is
explicitly stated, as well‘as a description of their behaviors, inputs, outpuits, and general
responsibilities. The description stops short of specifying certain details that are required
for implementing the system. Forexample, it does not explain the algorithm the calculation
component uses for its computations, the particular formats of the different data values,
anything about the connectors between the components, or what the user interface should
look like.

Many different implementations could satisfy this architectural description, and they
may not all function identically. This is partially due to the nature of architectural models
in general—they document principal design decisions, not all design decisions. It is also
partially due to the ambiguity inherent in natural language specifications. This specification
is not the tersest or most understandable way of expressing aspects of this system such as its
structure—readers of the specification are likely to build up a mental graph of the system’s
constituent components as they read, since one is not provided.
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The Lunar Lander application consists of three components: a data store component, a Figure 6-5.
calculation component, and a user interface component. Lunar Lander
e ‘ ' : model in natural

-The job of the data.store component is to store.and allow other components access-to-the language
“height, velocity, and fuel of the lander, as.well as the current simulator time. >
[ (American
The job of the calculation component is to, upon receipt of a burn rate quantity, retrieve current English).

values.of height, velocity, and fuel from the data store component, update them with respect to
the input burn rate, and: store-the new .values back. It also:retrieves, increments, and stores

“"back the simulafor time. It is also:responsible for notifying the calling. component of whether the
simulator has terminated, and with what state (landed safely, crashed, and so on).

The job of the user interface component is to display the current status of the lander using
information-from both ‘the ‘calculationand the data store components. While the simulator is
running, it retrieves the new burn rate value from the user, and invokes the calculation
component. KTy

Takeaways. Natural language should be used as an adjunct to more rigorous and formal
languages, for aspects of architecture where formalism is infeasible or unnecessary. It is
particularly good for spec1fy1ng non-functional propetties in:a way that almost no-other
language can match: : ~

Informal Graphical PowerPoint-style Modeling
Tools such as Microsoft PowerPoint. (Microsoft Corporation 2007) and OmmGrafﬂe (The
Omni Group. 2007) provide users with the ability. to create decorative diagrams of inter-
connected shapes through a point-and-click graphical interface. These are ubiquitous and
it is easy to use them to create aesthetically pleasing diagrams. The size limitations of such
diagrams (one slide, one sheet of paper) help toensure that they remain suitably abstract.
Informal graphical notations have a lot in common with natural languages—they pro-
vide informal, unconstrained ways of expressing i ideas (although they primarily use symbols
rather than words). Informal graphical lagrams often capture few (if any) semantics. This
makes it difficult to reliably mterpret the meaning of the diagrams, undermining the key
advantages of using an architecture-in the first place (communication, analysis, and so
on). These diagrams are good for early prototyping and exploration, capturing ideas at an
abstract, conceptual level: However, they lack the rigor required for more concrete models.

Evaluation
Rubric for
Informal
Graphical
Modeling
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Lunar Lander in PowerPoint: There are many ways to express the Lunar Lander architec-
ture in a tool like Microsoft PowerPoint, limited only by the symbol palette available in
the tool.

A Lunar Lander architectural model in PowerPoint is shown in Figure 6-6. As with
most PowerPoint architecture diagrams, the particular symbology used is not directly
explained—there is no underlying semantic model (other than the reader’s expectations)

Figure 6-6,
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through which to interpret this diagram. The meanings of the three-dimensional boxes,
the arrows, and the rounded rectangles are not provided. More serious modeling efforts
might provide a symbolic dictionary to accompany such a diagram. However, this can
be dangerous: Even when users employ consistent or well-understood symbols, informal
diagramming tools cannot provide automated consistency checks or analysis.

The intended interpretation of this particular diagram is that the three-dimensional
boxes are software components, the arrows indicate invocation dependencies, and the
rounded rectangles are commentary on the intended behavior and responsibilities of
the components. Assuming that the reader correctly interprets the meanings of the
symbols, this model is in certain ways easier to understand than the natural language
model. For example, the componentization of the system and the componerit depen-
-dencies;-are iimmediately obvxous, and ‘the behaviors are visually connected to the
comporients. ' :

Takeaways: PowerPoint and similar tools are seductive because they make it very easy to
create graphical diagrams. However, great care should be taken in using informal graphical
diagrams as part of any official architecture description—they can be valuable for early
back-of-the-napkin architecture descriptions, but as soon as basic decisions are made, more
rigorous notations should be employed for real architecture capture.

The Unified Modeling Language (and Its Cousins)

UML, the Unified Modeling Language (Booch, Rumbaugh, and Jacobson 2005), is the
miost popular notation for writing down software designs. It is unified in that it combines
concepts from earlier notations such as Booch diagtams (Booch, 1986), James Rumbaugh’s
OMT (Rumbaugh et al: 1990), Ivar Jacobson’s OOSE (Jacobson 1992), anid David Harel’s
Statecharts (Harel 1987). UMLs main strengths are its large variety of modeling constructs
and viewpoints, extensive tool support, and widespread adoption.

UML is a massive notation about which entire books can be and have been written.
We summarize its‘tole ‘as an architectural ‘modeling language here. Further information
about UML as a standard for software and system modeling is presented in Chapter 16:

UML is an inherently graphical notation, with views consisting of textually annotated
graphical symbols. It provides its users with an extremely wide variety of modeling con-
structs and concepts. UML 2.0 includes thirteen different viewpoints, called “diagrams”
in UML parlance. These viewpoints cover many of the dimensions identified earlier in
this chapter, including basic architectural ‘elements, stylistic constraints, and static and
dynamic aspects: of systems.

Muich debate has ensued over the years as to UMLs suitability for modelmg software
systems at the architecture level. Early versionsiof UML (1.0 and 1.1) (Booch, Rumbaugh,
and Jacobson 1998) had a strong focus.on detailed design—below the level of common
architectural constructs such. as-components: and connectors. They were biased toward
the design of object-oriented systems that communicate primarily through procedure calls.
UML 2.0 significantly expanded. UML :to-provide much better support for higher-level
architectural constructs. Existing viewpoints were extended with new elements and entirely
new viewpoints were added: -

UMLs broad range of diagrams makes it an attractive optlon for modehng all kinds
of software systems. However, it is vitally important for architects not to get locked in to
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Figure 6-7. A UML component diagram showing a dependency between two components.

UML as their one and only modeling solution for architectures, or to overestimate the
benefits conferred by using UML.

UMLs viewpoints remain mostly focused on design. In many ways, these viewpoints
still retain an inherent bias toward object-oriented systems. Some of the viewpoints extend
into other life cycle activities, capturing some requirements- and implementation-related
aspects. Explicit support is minimal for activities such as testing and maintenance and meta-
activities such as management. Architectural decisions can affect any of these aspects
of development; this is why additional notations should be used to capture a complete
architecture. :

Understanding the semantics of UML diagrams is key to making them useful in
describing architectural design decisions. UML is more precise than arbitrary diagrams that
would be produced in, say, PowerPoint. However, it has been designed to be purposefully
ambiguous in many respects so as to increase its generality.

For example, the dashed open-headed arrow is a “dependency” arrow. It indicates that
the element at the tail of the arrow has some dependency on the element at the head of
the arrow. Figure 6-7 shows a simple UML component diagram with two components. The
dashed arrow indicates that the Calculation component is dependent on the Data Store
component. However, this could mean any number of things; including:

» Some element of Calculation calls Data Store.

« Instances of Calculation contain a pointer or reference to an instance of Data Store.

¢ Calculation requires Data Store to compile.

« Calculation’s implementation has a method that takes an instance of Data Store’s
implementation as a parameter. o \

o Calculation can send messages to Data Store.

And so on, and so on. Most constructs in UML are similarly semantically ambiguous: (It
is even unclear what the components in Figure 6-7 refer to: They could be classes in‘an
object-oriented programming language, C modules, Web services, or something'else.)

This approach gives UML great flexibility but limits its semantic precision. Fortunately,
UML includes facilities that allow its users to define new attributes (called stereotypes and
tagged values) and constraints that can be applied to existing elements to specialize them.
Constraints in UML can be specified in any language (including natural language), but a
companion language called the Object Constraint Language (OCL) provides a convenient
way to- write rigorous constraints for UML. A ‘collection of these additional attributes
and constraints is known as a UML profile. Profiles are generally designed for ‘specific
applications, product lines, or domains, and serve to increase the semantic precision of
UML diagrams within that scope. -
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= ) Figure 6-8.
{_]' SSimporte= U%/IL component
_______ diagrams with
more specific
semantics
' provided by using
<<call>> ) stereotypes.
Figure 6-8 shows two variants of the component diagram in Figure 6-7. Each of these
uses a UML stereotype to provide additional detail about the meaning of the dependency
arrow. This does not make the dependency arrow completely unambiguous, however—
understanding it still relies on the reader’s interpretation of “import” or “call.” The top
diagram indicates that Calculation imports:Data Store. The ‘bottom diagram indicates
that Calculation calls Data Store. The available selection of stereotypes and their specific
meanings are defined by the UML profile in use.
UML diagrams alone do not carry enough information to completely interpret them.
Stakeholders may make agreements among themselves about how to interpret particular
aspects of UML diagrams on a project and document these agreements in external natural-
language documents. Stakeholders.should also strongly consider defining or selecting a
profile with documented interpretations for the included stereotypes, tagged values, and
constraints.
Evaluation
Rubric for
UMt
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Lunar Lander in UML. UML provides many possible v1ewpomts from which to model the
Lunar Lander architecture. Stakeholders are responslble for choosing which viewpoirits
are used and how precise each view will be. Here, we will use the component, statechart,
and sequence viewpoints to describe the Lunar Lander at roughly the same level of detail
as has been shown in the natural language and informal graphical examples. ,

The component diagram for Lunar Lander might look like Figure 6-9. 2 This dlagram
looks very smllar to_the informal graphlcal dlagram, because it largely depicts the same

2This diagram,uses the UML 2 ball:and:socket icons to represent pro'vided,andrrequired interfaces; respectively.
In eatlier versions of UML 2, the socket and-ball could be directly graphically joined (without an interven-
ing dependency:arrow) to indicate connection, but'this diagtammatic style has been deprecated by the UML
committee except in composite structure diagrams.
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aspect of the architecture. Unlike the informal graphical diagram, though, this diagram has
a rigorous syntax and some underlying semantics. The symbols used are documented in the
UML specification, and have specific meanings. Unlike the unadorned three-dimensional
boxes intended to represent components in the PowerPoint view of Lunar Lander, the
well-defined UML “component” symbol s used here. This is not to say that the diagram is
completely unambiguous—for example, the diagram says nothing about what a component
is in this context, or when and how the calls among components are made. Some of these
details can be specified in other UML diagrams.

The behavior of the system might be specified in a UML statechart diagram, as shown
in ‘Figure 6-10. The start state.is indicated by the plain:dark. circle, and: the end state:is
indicated:by-the: outlined- dark circle. Each rounded rectangle represents a state of.the
'system, - and arrows tepresent:transitions between the:states.: The conditions in- square
brackets indicate guards that constrain when state: transitions:may occur: ,

- Thisstatechartindicates that the Lunar Lander system begins by.displaying the lander
state:If the simulation is done; the simulatorwill stop: Otherwise; the system:will request a
burn:rate from the user: Here;, the user-may choese to end the program eatly.Otherwise, if
the burn rate is valid,.the program will then calculate:the new simulator state and dlsplay
it. This.control loopwill-repeat until the simulation:is done:: -/ e

While this statechart diagram:provides a -more rigorous-and formal descnptlon of
the system behavior than either the natural language or informal graphical architecture
description,it:leaves out some important details contained. in both:those descriptions—
natnely, which components perform the specified actions. This mformatlon can be captuted
in-another WML diagram; such-as a UML sequence diagram. -+ -

- :A-sequence:diagram for the Lunar Lander application might look hke Flgure 6-11.
Thls, diagram. depicts. a. particular: sequence of operations-that:can be performed: by:ithe
three Lunar Lander components. Sequence diagrams:such as this one:are not intended: to
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capture:all the behavior of a system; rather, they are used to.document particular scenarios
or.use cases. The above diagram depicts-one nominal scenario—User Interface gets a burn
rate:from the wser, Calculation retriéves the state of:the lander from the Data:Store-and
updates it, and then returns:the termination state of the:lander totUser Interface:
= Figure 6-9; Figure 6-10,:and Figure 6-11 represent three different views of the Lunar
Landerarchitecture. These views capture both static:(structural) and dynamic (behavioral)
aspects of the system: A natural question to ask is-whether these views are consistent:-with
oneanother: There is no standard way to:answer this question; as there is no universal notion
of consistency in UML. Instead; we have to establish: our:own criteria for-consistency
and check:the views against these criteria.Forexample;:we could:check whether each
component in the componentdiagram is represented in the sequence diagram;and whether
the calls in the sequence diagram are allowed by the dependency arrows in the component
Checking the consistency:of the statechart and ‘sequence:diagrams: is a'more difficult
task: These two diagrams model behavioral aspects of the ‘architecture-at substantially
different levels:“The statechart:describes the: overall functioning of the system:without

regard to its structure; while the sequence diagram shows a particular scenario in a-different
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context: the interactions between components. In this case, inspections and stakeholder
agreement are probably the best way to determine the consistency of the diagrams.

Takeaways. UML is a syntactically rich notation with extensive tool support. As a way
of expressing architectural design decisions, it is superior to a symbols-only notation such
as PowerPoint’s. However, UML’s purposeful ambiguity about the meaning of most of its
symbols leaves it open for abuse. Even well-intentioned development groups can interpret
the same UML diagrams in different ways, especially when stakeholders are geographically
separated and do not have face-to-face opportunities to come to a mutual understanding.
When UML is employed, profiles must be developed and used to ensure consistent model-
ing, although this does not necessarily guarantee unambiguous interpretations. Profiles are
not a panacea.

6.5.2 Early Architecture Description Languages

The 1990s spawned nearly a decade of research on how to best capture software architec-
tures. The result of this research was a proliferation of architecture description languages
(ADLs), notations developed specifically for software architecture modeling.

During this period, there was substantial debate over what does and does not con-
stitute software architecture. This debate continues today. A parallel debate naturally
emerged: Which notations or modeling approaches can be called “architecture description
languages?” There is no established litmus test to determine whether a particular notation
can or cannot be called an ADL, and there is significant variability in the spectrum. of
languages that are identified by their creators as ADLs. Nenad Medvidovié and Richard
Taylor (Medvidovi¢ and Taylor 2000) surveyed a wide variety of early ADLs and found
that the common denominator among them was explicit support for modeling:

« Components.
« Connectors.

o Interfaces.

« Configurations.

Additionally, they found that languages identified as ADLs tended to be semantically
precise but lacked breadth and flexibility. This largely mirrored the prevailing'sentiment
about software architecture; namely, that it was a hlgh level structural view of a system
extended with rich semantics.

This book takes a much bioader view on software architecture. While hlgh—level
component-and-connector views are still important when"describing a software system’s
architecture, our definition of architecture as the set of principal design decisions about a
system encompasses a much broader range of concepts.

During the 1990s, there was significant debate about whether design notations like
UML could be called “architecture description languages.” Early versions of UML lacked
explicit support for component-and-connector style modeling as well as precise semantics,
leading many researchers to conclude that UML was not, in fact, an architecture description
language. In our broader conception of architecture, any language used to capture principal
design decisions is effectively:an architecture description language, including UML. .
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The early “first-generation” architecture description languages described in this chap-
ter are, for the most part, research projects. None of these is still used actively in practice.
We present them here because of their unique contributions to-the field of architecture
modeling, but their use in practice may prove difficult for extrinsic reasons, such as lack of
current tool support. '

Darwin , )

Darwin (Magee et al. 1995) is a general-purpose architecture description language for
specifying the structure of systems composed from components that communicate through
explicit intetfaces. Darwin has a canonical textual representation in which components
and their interconnections are described. There is an associated graphical visualization
that depicts Darwin configurations in a more accessible but less precise way.

In Darwin, systems are modeled as a set of interconnected components. There is no
notion of explicit software connectors in-Darwin, but a component that facilitates inter-
actions could be interpreted as a connector. Darwin components expose a set of provided
and required services, sometimes called ports. Services in Darwin correspond to our notion
of provided and required architectural interfaces. Configurations are specified by a set of
bindings between interfaces. Darwin also has support for hierarchical composition—that
is, components that have internal structures also consisting of components, services, and
bindings.

Lunar Lander in Darwin. Darwin is primarily a structural description notation, and we can
use it todescribe the three-componentLunar Lander’sstructure. The textual visualization of
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component DataStore{
provide TanderValues;

}

component Calculation{
require landerValues;
provide calculationService;

}

component UserInterface{
" require calculationService;
require TanderValues;

component LunarLander{

“inst R
U: UserInterface;
“°C: Calculation;

D: DataStore;
‘bind L : :
C.landerValues -- D.landervValues;
U.landerValues -- D.landervalues;
U.caleulationService -~ C.calculationService;

Lunar Lander in Darwin might be expressed as shown in Figure 6-12. Here, each component
is described with explicit provided and required interfaces. The overall application structure
is defined using a top-level component with an internal structure; that is, the Lunar Lander
application itself is a component containing the UserInterface, Calculatlon, and
DataStore components.

As stated above, Darwin. also has a.canonical graphical visualization; the model
expressed in that visualization might look like Figure 6-13. The use of multiple visual-
izations to depict the same architectural model will be discussed extensively in the next
chapter.

One of the most interesting aspects of Darwin is the set of constructs with which
configurations of components can be specified. Many declarative ADLs simply enumerate
all the components and bindings in an architecture one by one (and Darwin supports
this—the above model of Lunar Lander uses Darwin in this way). However, Darwin also
supports the creation of configurations using programming-language-like constructs such
as loops. For example, consider a Web application where d number of identical clients are
all connecting to the same Web server. We might model this architecture in Darwin shown
in Figure 6-14.

Graphically, this model mlght look like Flgure 6-15. In thls Darwin model, the actual
number of clients is parameterizable. Using thesefacilities, relatively terse models can be
constructed that describe a wide variety of architectures wtthout a great deal of redundancy
in the model.

Takeaways. Darwin represents a more rigorous and formal way of capturing an archi-
tecture’s structure than any notation we have seen thus far in the chapter. It provides
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Figure 6-12,
Lunar Lander
architecture in
Darwin’s textual
visualization, -
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Figure 6-13,
Lunar Lander
architecture in
Darwin’s
graphical
Tepresentation.

Figure 6-14, component WebServer{
Model of a ) provide httpService;
multiclient Web ¥ '
application in - i
" Dariwin’s textual component WebClient{
visualization. . S "5 require httpService;

component WebApplication(int numClients){
inst S: WebServer;
array C[numClients]: WebClient;
forall k:0..numClients-1{
inst C[k] @ k;
bind C[k].httpService -~ S.httpService;
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awell-defined textual syntax with an associated graphical visualization, along with specific,
well-defined semantics. It is not overly complex and can be understood by straightforward
reading. For structural modeling, Darwin is an excellent choice. For modeling other aspects
of architecture, however, other notations should be used.

Rapide :
Rapide (Luckham et al. 1995) is an architecture description language developed to specify
and explore dynamic properties of systems composed of components that communicate
using events. In Rapide, events are simply the result of an activity occurring in the archi-
tecture. Traditional procedure calls are expressed as a pair of events: one for the call and
one for the return value.

The power of Rapide comes from its organization of events into partially ordered sets,
called POSETs (Luckham 2002). Rapide components work concurrently, emitting and
responding to events. There are causal relationships between some events: for example, if
a component receives event A and responds by emitting event B, then there is a causal
relationship from A — B. Causal relationships between events A and B in Rapide exist
when any of the following are true (from the Rapide documentation):

» A'and B are generated by the same process.

o A process is triggered by A and then generates B.

« A process generated A and then assigns to a variable v, another process reads v and
then generates B.

o A triggers a connection that generates B.
o A precedes C which precedes B (transitive closure).
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Figure 6-15,
Model of a
multiclient Web
application in
Darwin's
graphical
visualization.

Sony Exhibit 1018 Page 236

IPR2023-00954



214

Figure 6-16.
Partially ordered
sets of events.

Evaluation
Rubric for
Rapide
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Raw

Time Event Stream

Partially Ordered Sets of Events-

t

As a program runs, its various components will generate a stream of events over time. Some
of these events will be causally related {by one of the above relationships). Some of them
may occur around the same time as other events, but be causally unrelated.

Figure 6-16 depicts this situation. The left portion of the figure shows a raw'event
stream over time: Components in the architecture send events A, B, C, D, and E at times
to through ty, respectively. These events are temporally ordered, but not causally ordered.
The right portion of the figure shows the causal ‘ordering of the events. Here, there are
two partial order sequences: one consisting of events A, B, and D, and one consisting of
events C and E. This is called a partial order because not all the events are causally ordered
with respect to one another. The fact that B occurred earlier in time than C is only a
coincidence—an accident of the scheduler: C could just as easily have occurred before B.

Rapide focuses on capturing dyniamic aspects of software architectures: Architecture
specifications in Rapide are interesting because they are executable. Raplde is accompanied
by a tool that allows users to‘execute the atchltecture description, in'‘effect simulating the
operation of the described system: The result is a graph 'of events similar to the'one depicted
above in Figure 6-16, showing events as nodes and c4usal orderings as directed edges.
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Lunar Lander in Rapide. The description of Lunar Lander in Rapide looks, on the surface,
similar to a Darwin description: ‘A textual notation resembling a programming language
is used to define the components and their intérface operations. However, the Rapide
description also includes behavioral information. This information is used, along with the
application structure, to generate event graphs. Since Rapide is optimized for operating

on concurrent applications where multiple threads of control interact, we will use it to

evaluate a cooperative two-playér version-of Lunar Lander:

Such an architecture ‘might be specified as shown in Figure 6-17. This specification
begins by defining the types of available components primarily in terms of their interfaces.
Each interface has a number of events it can receive and send out (“in” and “out” actions,
respectively). Each component has a behavioral specification as well, defining how it reacts
to different events. This simple example takes advantage of only-a small number of Rapide
language features; it has support for defining and manipulating the data that makes up
the events as well. A more complex Lunar Lander specification might actually be able
to simulate the entire Lunar Lander game, including data, new state calculations, and
so on. . it ¥

At the end of the specification, the system’s structure is defined: first components
that implement the various interface types; and then links between the component inter-
faces. This Rapide architecture is relatively straightforward: The players start off by sending
an updated bumn rare, making their first move of the game. Then, they wait for the dis-
play to be updated with new status before making another move. Players are limited to
three moves in this system so the-game does not go into -an infinite loop (as-there is no
other end-game condition). The Calculation component waits for a SetBurnRate
event. When ‘it receives one, it:will:fire:an. internal event, CalcNewState, and then
fire'a DoSetValues message to:the DataStore component to update the game state.
When the game state is updated, the DataStore fires a NotifyNewValues. event,
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Figure 6-17.
Cooperative
two-player Lunar
Lander
architecture in
Rapide.
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type DataStore is interface
action in SetValues();
. out NotifyNewvalues();
behavior
begin ;
SetValues => NotifyNewvValues();;
end DataStore;

type Calculation is interface
action in SetBurnRate();
out DoSetValues(Q);
behavior
action CalcNewState();
begin
SetBurnRate => CalcNewState(); DoSetvValues();;
end Calculation;

type Player. is interface
action out DoSetBurnRate(Q);
in NotifyNewvalues();
behavior
TurnsRemaining : var integer := 1;
action UpdateStatusDisplay();
action Done();
begin . : :
(start or UpdateStatusDisplay) where \
($TurnsRemaining > 0) => \
if ( $TurnsRemaining > 0 ) then \
TurnsRemaining := $TurnsRemaining - 1; \
DoSetBurnRate(); \
end if;;
NotifyNewValues => UpdateStatusDisplayQ);;
UpdateStatusDisplay where $TurnsRemaining == 0 \
=> Done();;
end UserInterface;

architecture Tander() is
P1, P2 : Player;

C : Calculation;
D :.DataStore;

connect
Pl.DoSetBurnRate to C.SetBurnRate;

P2 .DoSetBurnRate to C.SetBurnRate;

: C.DoSetValues to D.SetValues;.
D.NotifyNewValues to Pl.NotifyNewValues();
D.NotifyNewValues to P2.NotifyNewvaluesQ;

end LunarlLander;

which causes the players’ displays to be updated, thus prompting them to make their next
moves. ‘ f .

In prose, as described here,. this implementation strategy might sound perfectly rea-
sonable. But is it? Rapide’s analysis and'simulation ¢apabilities can-help to make: that
determination. If we remove the second player from the specification to create only ‘a
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one-player game and run the‘ ’\"plde simulator, a graph like the one in Figure 6-18 is gen-
erated. The only counterintuitive aspect of this graph is the group of “start” events that
are fired mmally As one of Rapide’s primary focus areas is concurrent-architectures, it
attempts to trigger simultaneous processing by loading the simulation with a number of
“start” events at the beginning. For one player, this trace of Lunar Lander looks reasonable.
The two-player version of the graph, shown in Figure 6-19, is more complex. This is
to be expected. However, by examining the causality arrows, we can see that something
is not quite right. The two pathways are intertwined. Requests are getting mtermmgled
since there is no Tlocking or transaction support in thls design. Furthermore, we can see a
fan-out of display updates at the bottom. Each user’s display is getting updated twice—once
for their own move and once for their partner’s. For one turn, this is fine, but recall that
the specification:calls for the player to make a'move'each time the display is updated: With
more players and more moves come more display updates; and-each one'will:cause aplayer
to-try to-move; compounding the effect of the interleaving: This is a‘non=obvious bug in
the specification: All players should notreactively move after each screen ipdate. Without
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Figure 6-18.
Eventgraph of a
one-player Lunar
Lander

architecture.
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Figure 6-19.
Event graph of a
two-player Lunar
Lander

architecture.
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Rapide’s graphs, however, it is not easy 16 see this. This is the kmd of bug that can remain
undetected until it is dlscovered late in development durmg 1mplementatxon or testmg,
when it is costly to fix. i :

Takeaways Raplde addresses dynamxc aspects of archxtecture dlrectly, and provxdes tool
support for the simulation of those aspects. Stakeholders can directly see how the com-
ponents in a software system are intended to interact and are dependent upon each other
by looking at the results of these simulations. Rapide. has several significant drawbacks,

Sony Exhibit 1018 Page 241
Sony v. Quantum  IPR2023-00954



6.5 SPECIFIC MODELING TECHNIQUES 219

however: The notation is arcane, with a steep learning curve, and it lacks support for
implementing architectures in a way that'is.consistent with: their specifications.

Wright

Wright (Allen and Garlan 1997) is focused on checking component interactions through
their interfaces. Interfaces in Wright are specified using a notation derived from the Com-
municating Sequential Processes (CSP) formalism (Hoare 1978). Wright specifications
can be translated into CSP, and then analyzed with a CSP analysis tool like FDR [Formal
Systems (Europe) Ltd. 2005]. These analyses can determine, for example, if connected
interfaces are compatible, and whether the system will deadlock. Addltlonally, Wright has
the ability to specify stylistic constramts as predicates over mstances

Evaluation
Rubric for
Wright

Lunar Lander in erght. The structural aspects of Lunar Lander, modeled in anht
look similar to depictions we have seen earlier (for example in'a UML component dia-
gram or Darwin). Wright's distingtishing feature is the CSP-based formal specifications
of component/connector interfaces-and behavior. These specifications can be specified.in
a notation-that resembles mathematical. equations, or an equivalent (if less.decorative)
ASCII notation. Lunar Lander, specified in Wright, might look like that in Figure 6-20. -
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Figure 6-20.
Lunar Lander
modeled in
Whight. Some
behavioral
specifications are
omitted for
simplicity but the
Call connector is

fully specified.
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Component DataStore
Port getValues (behavior specification)
Port storeValues (behavior specification)
Computation (behavior specification)

Component Calculation
Port getValues (behavior specification)
Port storeValues (behavior specification)
Port calculate (behavior specification)
Computation (behavior specification)

Component UserInterface
Port getValues (behavior specification)
Port calculate (behavior specification)
Computation (behavior specification)

Connector Call
Role Caller = call-> retum->Callerf] §
Role Callee = call > refurn->Callee[] §
Caller.call > Callee.call -> Glue
Glue = [[Callee.retumn~> Caller.return->Glue
0§ '

Configuration LunarLander
Instances
DS : DataStore
C : Calculation
UI : UserInterface
CtoUIgetValues, CtoUIstoreValues, UItoC, UItoDS : Call

Attachments
C.getValues as CtoUIgetValues.Caller
DS.getValues as CtoUIgetValues.Callee

C.storeValues as CtoUIstorevValues.Caller
DS.storeValues as CtoUIstoreValues.Callee

UI.calculate as UItoC.Caller
C.calulate as UItoC.Callee

UIL.getValues as UItoDS.Caller
DS.getValues as UItoDS.Callee
End LunarlLander.

The main thing to notice about this specification is the detailed set of formal specifi-
cations of behavior. The CSP formalism, while semantically sound and well-documented,
is somewhat arcane and has a steep leaming curve that is quite different from learning, for
example, a new programming language. The value of these specifications is that properties
such as freedom from deadlock can be analyzed, which are difficult or impossible to detect
in systems implemented in traditional programming languages.

Takeaways. Wright's formal specifications have an extremely high learning curve and
cognitive overhead even for the simplest of systems. The analysis capabilities are powerful,
but limited to a small set of properties (such as freedom from deadlock). However, the
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extensive formal modeling might be worth the effort in, for example, safety-critical systems.
Support for refining architectural specifications into implementations is lacking. Like other
early ADLs, Wright is not actively used and supported today.

6.5.3 Domain- and Style-Specific ADLs

The ADLs surveyed above are suitable for describing a wide variety of software systems
in many domains and architectural styles. However, some ADLs are domain-specific or
style-specific, or at least optimized for describing architectures in a particular domain or
style.

Domain- and style-specific ADLs are important for several reasons. Flrst, their scope
is better tailored to stakeholder needs since they target a particular group of stakeholders,
rather than software and systems developers in general. Second, they are able to'leave
out unnecessary details and excessively verbose constructs because there is little need
for genericity. Assumptions about the domain or style can be directly encoded into the
ADLs semantics instead of being repeated in every model. For example, if aparticularstyle
mandates the use of a single kind of connector between each pair of linked components,
there is no need to include the notion of a connector in the ADL—the ADUs:usersand
tool set can just assume that such connectors exist on each link implicitly.

Examples of domain-and style-specific ADLs include Koala, Weaves, and AADL We
have discussed Koala previously; it isan ADL used to model families of consumer electronics
devices. Weaves is both an architectural style and an associated ADL for modeling systems
composed of components that initeract through streams of objects. AADL is an‘industrial
ADL tailored for modeling embedded, teal-time systems (both hardware and software).

Koala
Koala (van Ommering et al. 2000) was developed by Philips Electronics to capture the
architecture of consumer electronics devices such as televisions, VCRs, and DVD players.
It is, to a large extent, a domain-specific ADL—it was developed for the specific use of one
company-for modeling software in a single domain to -address specific issues within that
domain. The software systems that Koala models are composed of interconnected software
components that communicate via explicit provided and required interfaces.

Semantically and syntactically, Koala is a descendant of Darwin. It uses Darwin’s
structural concepts of input and output ports, but expands on them through the addition of
constructs to support product-line architectures. Product lines were introduced earlier, -in
Chapter 1. Product lines are prevalent in the consumer electronics domain, where a single
product like a television may have a host of feature variations: diagonal size, audiofvideo
inputs-and outputs, and optional components such as integrated VCRs, DVD players, or
both. Separately documenting the software architectures of each of these products would
be redundant and error-prone, since substantially the same elements would be repeated
over and over again in each product. Koala addresses this by having specific constructs
in the language for explicitly defining points of variation. In this way, multiple products
can be described with a single model, with differences between the products encoded as
variation points.

The product-line concepts in Koala will be discussed in detail later in this book,
specifically in Chapter 15. We defer the discussion of the specifics of the notation until
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then; interested readers should skip ahead. The evaluation rubric for Koala is presented
here for completeness.

Weaves

Weaves (Gorlick and Razouk 1991) is both an architectural style and an accompanying
notation. Weaves is used to model systems of communicating small-grain “tool fragments”
that process objects of data. Weaves can be seen asa variant of the pipe-and-filter style with
three significant differences. First, Weaves tool fragments process object streams instead of
pipe-and-filter'sbyte streams. Second; Weaves connectorsare explicitly sized object queues,
whereas pipe-and-filter connectors are implicit pipes. Weaves connectors serve to facilitate
the transfer of both data and control among components. They receive objects from input
ports, return control to the calling tool fragment, and then pass the object to tool fragments
on output ports in aseparate thread of control: Third, Weaves tools can have multiple inputs
and outputs, whereas pipe-and-filter components have one input and one output.

Figure 6-21 shows-a basic architecture expressed in the Weaves notation. The com-
ponent Tool Fragment 1 outputs a stream of objects to an explicit queue connector Q1,
which forks the stream and forwards the objects to both Tool Fragment 2 and Tool Frag-
ment 3. As is obvious from this diagram, the Weaves notation is graphical and minimalist:
Components are represented by shadowed boxes and queue connectors are represented by
plain boxes; configurations are expressed using directed arrows connecting components
and connectors.
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Figure 6-21.
A basic weave in
the Weaves
notation.
Although the Weaves notation is minimal, it is adequate to serve as a description nota-

tion for the Weaves style. Here, additional complexity is unnecessary: Weaves’ extreme

simplicity and straightforwardness makes it easy to understand and interpret, and the’

semantic interpretations of the few elements are provided by the style itself.
Evaluation
Rubyric for
Weaves
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Figure 6-22.
Model of the
Lunar Lander
application in
Weaves.
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Lunar Lander in Weaves. Because Weaves is both a style and an architecture description
notation, expressing the Lunar Lander architecture in Weaves means something different
from expressing it in a more style-neutral notation such as UML or Darwin. The actual
models are nearly identical, but even though the models are similar, their meanings are not.
Interpreting a Weaves model must be done through the lens of the Weaves architectural
style: A component in Weaves is not the same as a component in Darwin.

The Lunar Lander system might be expressed in Weaves as shown in Figure 6-22. Here,
the structure of the system itself is directly influenced by the Weaves architectural style.
The components here are not communicating by means of request-response procedure
calls, but instead through streams of objects. The basic flows of data are similar to the other
models depicted above. One notable difference is the explicit presence of return channels
for data: in Weaves, the fact that a request travels from the User Interface to the
Calculation component (in the above model, through queue Q1) does not imply that
aresponse comes back along the same path. This response’s path must be explicitly specified
and have its own queue (Q2 in the model).

_ User
" Interface

Calculation.
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