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prior work need not only come from one’s own.experience, of course. One virtue of read-
ing widely in a technical field or attending technical conferences is to benefit from the
experiences of others. There is no virtue in reinventing wheels, broken or otherwise.

When valuable technical experience is possessed, however, substantial efficiencies
result. Experience can provide that initial feasible set of “alternative arrangements for
the design as a whole” called for at the beginning of Section 4.1. One need not devore
valuable design time to topics for which one already has a validated solution in hand.
Similarly, communication between development team members is enhanced: when others
have experience with the same or similar preexisting systems, it is easier to describe use of
or modifications to an established approach, as compared to conveying a completely new
concept.

Applying established approaches is not an entirely risk-free strategy however. Once
one has a favorite hammer, everything starts to look like a nail. Pursuing such a strat-
egy may vyield a working application, but can easily yield one that is seriously deficient
in some respect or is at least suboptimal. Not only are the benefits of previous systems
imported by reusing an approach, but so are the limitations. Innovation is certainly inhib-
ited by mindlessly following one’s standard approach. That said, it is nonetheless clear
that refined experience is indeed the Grand Tool for designers to apply in creating new
applications.

Software engineering literature is replete with surefire approaches to design—tools and tech- Silver
niques that are assured to always work and provide that needed solution. Some of these mistaken Bullets and
approaches to design confuse a notation or language with a design method. UML, for instance, Other

is a notation, not an approach. So, too, is Java. Other approaches confuse a tool or technology Misfires
with a design method. Thus some have said that CORBA provides all the needed guidance for

building robotic systems; others have assured us that rule-based expert systems are all we need.

Most assuredly, there is no magic potion, and an adequate approach to design problems demands

care, thought, creativity, discipline, experience, and method.

The software designer of the twenty-first century has a wide basis of experience from
which to draw. Reflection on the development of thousands of systems has yielded a wide
variety of approaches and lessons, ranging from broadly encompassing domain-specific
architectures to simple programming language-level design patterns. The following section
presents key lessons from this experience base in considerable detail.

4.3 REFINED EXPERIENCE IN ACTION: STYLES AND
ARCHITECTURAL PATTERNS

The distilled architectural wisdom that has arisen from a vast body of experience comes
in many shapes and flavors. As a whole, we are treating them under the rubric of styles
and patterns. As introduced in Chapter 1, the notion of architectural styles is an ancient
one, dating back at least to Vitruvius. Styles are designed to capture knowledge of effective
designs for achieving specified goals within a particular application context. For building
architecture, the combination of goals and context might be providing a house for a single
family in a Mediterranean climate using stone and tile as principal building materials. The
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cotrespondingly appropriate style might be a single-story villa. For sofrware, the goals and
context might be providing a secure instant messaging system Lo operate berween remote
sites of a global company; the appropriate style might be client-server.

Patterns and styles can be characterized for large problems as well as small. Again,
with regard to buildings, one can characterize a pattern for determining the appropriate
overhang of a tiled roof over an entryway; similarly, one can characterize a (much more
complicated) pattern for provision of elevator service in a ninety-story skyscraper. So it is
with software architecture; patterns and styles have been developed that are appropriate
for small as well as large and complex applications.

Not surprisingly, the lessons of experience in software architecture have arisen from
several different software development communities, with each having its own contribu-
tion to make. Unfortunately, this has resulted in a variety of terms for characterizing this
experience, not all of which describe distinct concepts. As an aid to teasing out the various
issues and as a means to provide structure for the rest of this section, see Figure 4-2 for a
summary of the main types of architectural styles and patterns.

The horizontal axis of Figure 4-2 refers to the scope of applicability of the body of
knowledge—the domain of discourse. For instance, design patterns exemplified by those
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presented in the book by Gamma (Gamma et al. 1995), are focused on the programming
of object-oriented solutions to program design problems. Such patterns are inapplicable to
enterprise-level system design, which is at the other end of the horizontal axis.

The vertical axis reflects the amount of domain knowledge represented by (or encoded
within) the body of knowledge. Program design patterns are shown at the shallow end of
this scale, reflecting that they are very generally applicable and are not restricted to use
within a particular application domain. At the other end of the scale are domain-specific
software architectures. Such styles are applicable to the design of very large applications
and concomitantly encode substantial knowledge about the design of applications within a
domain. Thus, for instance, adomain-specific software architecture for retail banking might
specify all major parts of the application; it is unlikely, however, that such a structure would
be appropriate for any other kind of application apart from retail banking.

The diagram has fuzzy boundaries, however, and should only be taken as a rough
guide. Programming languages exist at many levels of abstraction; applications range from
very simple to extraordinarily complex. The scope axis should not, therefore, be taken
as genuinely linear or fully ordered. The concept clouds in the diagram similarly have
fuzzy boundaries; what one architect may term an architectural pattern might be called a
style by another. The following sections will bring a little more precision to the discus-
sion. While the topic of domain-specific architectures was introduced in Chapter 2 and
will be dealt with at substantial length in Chaprer 15, we begin the following exposition
by a brief consideration of such architectures, as they are a powerful way of exploiting
experience in the task of developing the architecture for a new system. We then consider
architectural patterns and styles at length. These topics were introduced and defined in the
preceding chapters; here, a wide variety of specific instances are presented. This chapter
does not include any further discussion of program design patterns. As Figure 4-2 indi-
cates, such patterns deal with concepts at the level of programming languages, and most
often only for object-oriented languages. As such, they offer little guidance to the architect
seeking to identify a feasible set of “alternative arrangements for the design as a whole.”
(They do, of course, offer significant guidance to a programner charged with implement-
ing a chosen architecture in an object-oriented language, but that is not the topic of this
chapter.)

4.3.1 Domain-Specific Software Architectures

Domain-specific software architectures (DSSAs) encode substantial knowledge, acquired
through extensive experience, about how to structure complete applications within a par-
ticular domain. A useful operational definition of DSSAs is the combination of (1) a
reference architecture for an application domain (as defined in Chapter 3), (2) a library of
software components for that architecture containing reusable chunks of domain expertise,
and (3) a method of choosing and configuring components to work within an instance of
the reference architecture (Hayes-Roth et al. 1995). As such, a DSSA represents the most
valuable type of experience useful in identifying a feasible set of “alternative arrangements
for the design as a whole.”

In terms of our familiar building analogy, DSSAs are akin to the generic design of
tract houses, that is, house designs that are instantiated dozens or hundreds of times to
yield individual homes in a housing development. Such homes are not identical to one
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another; they typically vary in terms of cabinetry, banister styles, colors, carpet, roofing
material, and such. They will be same, though, with respect to the floor plan, the location
of the windows, and with regard to all major structural clements. The contractor for an
individual house knows how to instantiate the generic plan in light of the consumer’s
specific preferences and choices to yield a very cost-effective structure that nonetheless is
somewhat personalized.

The extended example of software for consumer electronics presented in Chaprer |
serves as an illustration of a DSSA. (While this example was presented there as an illustra-
tion of product families, the two concepts are closely related; this relationship is carefully
explored in Chapter 15.) Different consumer electronics applications can be created by
parameterizing or specializing the core architecture. These specializations may represent
adding new, unprecedented components into a television’s architecture, for instance, but
where those additions are performed on parts of the architecture are identified in advance
as places for such extensions to occur.

The difficulty with DSSAs, of course, is that theyare specialized for a particular domain
and so are only of value if one exists for the domain wherein the engineer is charged with
building a new application. While this may make it sound as though DSSAs are rare, the
concraty is true. Companics tend to deve lop multiple applications within a particular area
of expertise. This expertise manifests itself in strong similarities in structure between two
products from the company and another. These similarities, and the rationale for them,
is the basis of a DSSA. What is unfortunately true of such situations, however, is that
frequently the common structure—the DSSA—is never written down, but remains latent
in the minds of the company’s engineers.

DSSAs and product families are explored in Chapter 15 in substantial detail, thus
further discussion of these concepts is deferred. The reader should remember, however, that
DSSAs are the preeminent means for maximal reuse of knowledge and prior development
and are thus critical for developing a new product’s design in an established domain.

4.3.2 Architectural Patterns

Architectural patterns are akin to DSSAs, but applied within a much narrower scope.
They represent significant reuse of experience, but help you less fully. We repeat here the
definition from Chapter 3:

Definition. An architectural pattern is a named collection of architectural design

decisions that are applicable to a recurring design problem, parameterized to account
for different software development contexts in which that problem appeats.

In the sections below, we sketch three very simple examples: state-logic-display, model-
view-controller, and sense-compute-control.

State-Logic-Display (aka. Three-Tier)

The example used in Chapter 3 to illustrate this definition is the familiar three-tier archi-
tecture, which is commonly employed in business applications where there is a data store
behind a set of business logic rules, and that business logic is accessed by user interface com-
ponents. This pattern, also known as state-logic-display, has been popular since it maps
nicely to a distributed implementation in which communication between the components
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is by remote procedure call. Figure 4-3 shows the pattern, redrawn in an orientation different
from that used in Chapter 3.

In business applications, the data store is usually a large database server; the business
logic component may implement, for instance, some banking transaction rules, and the
display component be a relatively simple component for managing interaction with a
user on a desktop PC. Multiplayer games also map nicely to this architecture, wherein the
business logic component implements the game rules and the data store maintains the game
state. Multiple players can simultaneously play the game wherein each user has his or her
own display component. Many Web-based applications can be approximately characterized
as three-tier architectures, where the display component is the user's Web browser, the
business logic component is the software on the Web site (Web server plus application-
specific logic), and the data store is a database accessed by the Web server on a local host.
This characterization of Web applications is not entirely fair, however, as communication
between the display component (browser) and the business logic component (Web server)
is not by means of a remote procedure call, but rather by the HT TP protocol, which does not
necessarily maintain a connection between the two components in between interactions.

Model-View-Controller (for Graphical User Interfaces)

Since its invention in the 1980s, the model-view-controller (MVC) pattern has been a
dominant influence in the design of graphical user interfaces. While MVC certainly is
applied at the low levels of program design and thus could be classified in the design
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patterns category (and hence omitted from our discussion here), it can also be viewed as
providing a structure for applications at a higher level.

The objective of the pattern is to promote separation, and thus independent develop-
ment paths, between information manipulated by a program and depictions of user interac-
tions with that information. The simple idea is shown in Figure 4-4. The model component
encapsulates the information used by the application; the view component encapsulates
the information chosen and necessary for graphical depiction of that information; the con-
troller component encapsulates the logic necessary to maintain consistency between the
model and the view, and to handle inputs from the user as they relate to the depiction.

The notional interactions between these components are as follows (variations exist
in the practice). When the application changes a value in the model object, notification
of that change is sent to the view so that any affected parts of the depiction can be updared
and redrawn. Notification also typically goes to the controller as well, so that the controller
can madify the view if its logic so requires. The view may query the model for additional
data needed for the display. When handling input from the user (such as a mouse click
on part of the view), the windowing system sends the user event to the controller; the
controller may query the view for information to assist in determining what action to take.
The controller then updares the model object in keeping with the desired semantics. Then,
of course, if the model object changes values it must notify the view and controller so that
the user interface can be updated, and so the cycle of interactions continues.

While Figure 4-4 shows three distinct components, from the description above of their
interactions it is clear that there is often a very close coupling berween the actions of the
view component and the controller component. In many cases, therefore, the view and
controller components are merged; such is the case with the architecture of Java's Swing
framework.

At a much higher level of abstraction than programming, the MVC paradigm can be
seen at work in the World Wide Web. Web resources correspond to the model objects; the
HTML rendering agent within a browser corresponds to the viewer; the controller in the
simplest case corresponds to the code that is part of the browser that responds to user input
and which causes either interactions with a Web server or modifies the browser’s display in
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some manner. In the more complicated situation, the controller would also encompass code
uploaded from a server that governs user interaction with the display, such as JavaScript
uploaded as part of a Web page or code on the server that determines the representation
of the resource to transmit to the browser.

MVC has been the subject of much work, and a variety of references are available dis-
cussing the details of several different implementation approaches. MVC has also inspired
the development of other related architectural patterns, such as presentation-abstraction-
controller (PAC). Detailed citations are provided at the end of the chapter.

Sense-Compute-Control (aka. Sensor-Controller-Actuator)

The sense-compute-control (SCC) pattern is typically used in structuring embedded con-
trol applications. This may range from simple devices such as those found in kitchen
appliances to sophisticated systems used in automotive applications or robotic control.
The basic idea is illustrated in Figure 4-5. A computer is embedded in some application;
sensors from various devices are connected to the computer and may be sampled to deter-
mine their value. Also attached to the computer are hardware actuators. By sending a
signal to such devices the computer may, for example, open a value, lower flaps, or turn off
a light, and hence control the system.

Sensor Sensor Sensor £ Sensor

1 2 3 4
Computer
Logic: J
Toop

read all sensor values

compute control outputs

send controls to all actuators
end Toop

Actuator Actuator ‘ ‘ Actuator
A ‘ 1 B c
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of cycling through the steps of reading all the
sensor values, executing a set of control laws ot functions, and then sending outputs to the
various actuators. Typically, suchacycle is keyed toaclock, where the frequencyof the clock
ticks may be keyed to the maximum rate at which the sensars’ values may change or to the
sensitivity of the actuatots to varying inputs on their input control lines. Note that there is
implicit feedback in such applications via the external environment. That is, the typical situation
is that by changing one of the actuators, something will change in the external environment
that one of the sensors will ultimately detect, and hence cause a change in its value.
simple flight control application can serve o make these ideas concrete. We will use
ample of software controlling 2 notional lunar excursion module, or “lunar lander,”
surface of the moon, illustrated in Figu
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In this example there are five sensors on board the spacecraft: The altimeter (presum-
ably radar) senses the altitude above the surface of the moon; the gyro provides information
on the x-y-z axis orientation of the craft; the fuel level indicates the remaining fuel on
board; the engine control throttle indicates to the computer the pilot’s desired setting of
the descent engine’s thrust (for instance, 75 percent throttle); and the joystick indicates
the pilot’s inputs for orienting the spacecraft. (Keep in mind that this is an entirely fly-by-
wire application, so there is no physical connection between the joystick, for instance, and
any control surfaces. The computer is responsible for sensing all control device inputs.)
The diagram shows six actuators: four attitude control thrusters, the main descent engine
controller, and the cockpit displays.

As the craft approaches the surface, the sensors will provide to the computer informa-
tion on the Lunar Lander’s altitude, attitude, fuel remaining, and the pilot’s control inputs.
The flight control computer will process its control laws, computing values to be sent to
the various actuators to control the descent engine, the attitude control thrusters, and
update the cockpit displays. From changes in the altitude the computer could determine,
for example, the descent rate, and display that to the pilot. Based upon the pilot’s judgment,
he or she could increase the throttle to slow the descent or decrease the throttle and allow
the Lunar gravity to increase the descent rate.

Depending on the system designer’s choices, a variety of control strategies could be
programmed into the flight control computer. The scenario sketched above reflects the
strategy applied in the Apollo landings. A fully automated landing sequence could also
be programmed, in which the software would determine the optimal descent engine and
attitude control thruster settings, based upon the altitude and attitude of the craft. From
the standpoint of the software’s architecture, these different strategies are all the same; at
each cycle of the loop the software reads the current sensor values, computes the desired
settings for the actuators, and sends those values to the actuators.

4.3.3 Introduction to Styles

Architectural styles are a primary way of characterizing lessons from experience in software
system design. As such, they can be a key element in developing initial or detailed con-
ceptions of a software system’s architecture. As Figure 4-2 indicates, architectural styles are
broadly applicable; they can be useful in determining everything from subroutine structure
to top-level application structure. Styles, as used here and as seen in contrast with the
architectural patterns of the preceding section, reflect less domain knowledge than archi-
tectural patterns, and hence are more broadly applicable. Keep in mind, however, that the
boundaries between these concepts are not precise.

Chapter 3 introduced architectural styles in some detail, and presented the following
definition:

Definition. An architectural style is a named collection of architectural design
decisions that (1) are applicable in a given development context, (2) constrain archi-
tectural design decisions that are specific to a particular system within that context,
and (3) elicit beneficial qualities in each resulting system.

Accordingly, the discussion of styles will include the decisions and constraints com-
prising the style, as well as the beneficial qualities induced by these choices.
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Dewayne Perry and Alexander Wolf wrote eatly and persuasively on the importance of styles in
software architecture. The influence of their work—widely cited in the literature—motivates
inclusion of the following extended quote.

The notion of architectural style is particularly useful from both descriptive and prescrip-
rive points of view. Descriptively, architectural style defines a particular codification of
design elements and formal arrangements. Prescriptively, style limits the kinds of design
elementsand their formal arrangements. That is, an architectural style constrains both the
design elements and the formal relationships among the design elements. Analogously,
we shall find this a most useful concept in software architecture.

Of extreme importance is the relationship between engineering principles and archi-
tectural style (and, of course, architecture itself). For example, one does not get the light,
airy feel of the perpendicular style as exemplified in the chapel at King's College, Cam-
bridge, from Romanesque engineering. Different engineéring principles are needed to
move from the massiveness of the Romanesque to lightness of the perpendicular. It is not
justa matter of aesthetics. This relationship between engineering principles and software
architecture is also of fundamental importance.

Finally, the relationship hetween architectural style and materials is of eritical impor-
tance. The materials have certain properties that are exploited in providing a particular
style. One may combine structural with aesthetic uses of materials, such as thar found
in the post and beam construction of Tudorstyle houses. However, one does not build
4 skyseraper with wooden posts and beams. The material aspects of the design elements
provide both aesthetic and engineering lases foran architecrure. Again, this relationship
is of eritical importance in software archirecture,

Thus, we find in buildingarchitecture some fundamental insights aboutsoftware archi-
recture: multiple views are needed to emphasize and to understand different aspects of the
architecture; styles are a cogent and important form of codification that can be used both
descriptively and prescriptively; and, engineering principles and material properties are
of fundamental importance in the development and support of a particular architecture
and architectural style. .. .

The important thing about an architectural style is that it encapsulates important
decisions about the architectural clements and emphasizes important constraints on the
clements and their relationships. The useful thing about style is that we can use it both
to constrain the architecture and to coordinate cooperating architecrs. Moreover, style
emhodies those decisions that suffer erosion and drift. An emphasis on styleas a constraint
on the architecture provides a visibility to certain aspects of the archirecture so that
ciolations of those aspects and insensitivity to them will be more obvious.

(Perry and Wolf 1992)

The architectural styles chosen for presentation here were selected on the basis of
reflecting a diversity of approaches, common use, and being a part of the common vocab-
ulary of software architects. Sufficient detail is presented so that the reader can appreciate
the essence of each style and the situations for which it is appropriate. While this chapter
does not present a comprehensive catalog of styles, many of the most popular and well
known are discussed, showing the designer the kind of role that styles can play in solving
design problems. (Chapter 11 will explore a few more advanced styles, such as REST, in
some detail.)

Sony Exhibit 1026 Page 25
Sony v. Quantum IPR2023-00954





