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from The Rational EdgéThis introduction to the relatively new discipline of software architecture is
the first of a four-part series on "architecting" in general. The author begins by defining the
discipline's key terms and goes on to explore what a well-designed architecture contributes to the
environment in which it is deployed.

There is no doubt that the world is becoming increasingly dependent
on software. Software is an essential element of the ubiquitous cell
phone, as well as complex air traffic control systems. In fact, many of
the innovations that we now take for granted -- including organizations
such as eBay or Amazon -- simply wouldn't exist if it weren't for
software. Even traditional organizations, such as those found in the
finance, retail, and public sectors, depend heavily on software. In this
day and age, it's difficult to find an organization that isn't, in some way,
in the software business.

In order for such innovations and organizations to survive, the softwa
they depend on must provide the required capability, be of sufficient quality, be available when promised,
delivered at an acceptable price.

All these characteristics are influenced by the architecture of the software, the subject of this article. My fc
here is on "software-intensive systems," which the IEEE defines as follows:

A software-intensive system is any system where software contributes essential influences to the design,
construction, deployment, and evolution of the system as a whole. [from IEEE 1471. See the "Architecture
defined" section below.]

In this article, the term "architecture,” when unqualified, is synonymous with the term "software architectur
Although this article focuses on software-intensive systems, it is important to remember that a software-in
system still needs hardware in order to execute and that certain qualities, such as reliability or performanc
achieved through a combination of software and hardware. The hardware aspect of the total solution canr
therefore be ignored. This is discussed in more detail later in this article.

Architecture defined

There is no shortage of definitions when it comes to "architecture." There are even Websites that maintair
collections of definitiong. The definition used in this article is that taken from IEEE Std 1472000, the IEEE

Recommended Practice for Architectural Description of Software-Intensive Systems, referred to as IEEE 1
This definition follows, with key characteristics bolded.

Architecture is the fundameniorganization of asystemembodied in itcomponents their relationshipsto each
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other, and to thenvironment and the principles guiding its design and evolution. [IEEE 1471]
This standard also defines the following terms related to this definition:

A systemis a collection of components organized to accomplish a specific function or set of functions. The
system encompasses individual applications, systems in the traditional sense, subsystems, systems of sys
product lines, product families, whole enterprises, and other aggregations of interest. A system exists to ft
or moremissionsin its environment. [IEEE 1471]

Theenvironment or context, determines the setting and circumstances of developmental, operational, polit
and other influences upon that system. [IEEE 1471]

A missionis a use or operation for which a system is intended by one orstakeholderso meet some set of
objectives. [IEEE 1471]

A stakeholderis an individual, team, or organization (or classes thereof) with interests in, or concerns relati
a system. [IEEE 1471]

As we can see, the term "component” is used throughout these definitions. However, most definitions of
architecture do not define the term "component,” and IEEE 1471 is no exception, as it leaves it deliberatel
to cover the many interpretations in the industry. A component may be logical or physical, technology-
independent or technology-specific, large-grained or small-grained. For the purposes of this article, | use t
definition of component from the UML 2.0 specification; and | use the term fairly loosely in order to encom
the variety of architectural elements that we may encounter, including objects, technology components (st
Enterprise JavaBean), services, program modules, legacy systems, packaged applications, and so on. He
UML 2.0 definition for "component":

[A component is] a modular part of a system that encapsulates its contents and whose manifestatior
is replaceable within its environment. A component defines its behavior in terms of provided and
required interfaces. As such, a component serves as a type, whose conformance is defined by thes:

provided and required interfaces (encompassing both their static as well as dynamic sefmantics).

The definitions provided here cover a number of different concepts, which are discussed in more detail lat
this article. Although there is no generally agreed definition of "architecture” in the industry, it is worth
considering some other definitions so that similarities between them can be observed. Consider the follow
definitions where, again, I've bolded some of the key characteristics.

An architecture is thset of significant decisionabout the organization of a software system, the selection o
structural elementsand their interfaces by which the system is composed, together witbehavioras

specified in the collaborations among those elementscompositionof these elements into progressively large
subsystems, and tlarchitectural stylethat guides this organization -- these elements and their interfaces, thi

collaborations, and their composition. [Kruchtén]

The software architecture of a program or computing system is the structure or structures of the system, v
comprise software elements, the externally visible properties of elements and therelationshipsamong

them. [Bass et al?]

[Architecture is] the organizational structure and associated behavior of a system. An architecture can be
recursively decomposed into parts that interact through interfaces, relationships that connect parts, and
constraints for assembling parts. Parts that interact through interfaces include classes, components and

subsystems. [UML 1.5]
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The software architecture of a system or a collection of systems consists of all the important design decisi
about the software structures and the interactions between those structures that comprise the systems. Tt
decisions support a desired set of qualities that the system should support to be successful. The design d

provide a conceptual basis for system development, support, and maintenance. [McGovern]

Although the definitions are somewhat different, we can see a large degree of commonality. For example,
definitions indicate that an architecture is concerned with both structure and behavior, is concerned with
significant decisions only, may conform to an architectural style, is influenced by its stakeholders and its
environment, and embodies decisions based on rationale. All of these themes, and others, are discussed

An architecture defines structure

If you were to ask anyone to describe "architecture” to you, nine times out of ten, they'll make some refere
structure. This is quite often in relation to a building or some other civil engineering structure, such as a bi
Although other characteristics of these items exist, such as behavior, fithess-for-purpose, and even aesthe
the structural characteristic that is the most familiar and the most-often mentioned.

It should not surprise you then that if you ask someone to describe the architecture of a software system |
working on, you'll probably be shown a diagram that shows the structural aspects of the system -- whethe
aspects are architectural layers, components, or distribution nodes. Structure is indeed an essential chara
an architecture. The structural aspects of an architecture manifest themselves in many ways, and most de
of architecture are deliberately vague as a result. A structural element can be a subsystem, a process, a |
database, a computational node, a legacy system, an off-the-shelf product, and so on.

Many definitions of architecture also acknowledge not only the structural elements themselves, but also tt
composition of structural elements, their relationships (and any connectors needed to support these relatic
their interfaces, and their partitioning. Again, each of these elements can be provided in a variety of ways.
example, a connector could be a socket, be synchronous or asynchronous, be associated with a particula
and so on.

An example of some structural elements is shown in Figure 1. This figure shows a UML class diagram co
some structural elements that represent an order processing system. Here we see three classes -- OrdertE
CustomerManagement, and AccountManagement. The OrderEntry class is shown as depending on the
CustomerManagement class and also the AccountManagement class.

(9 OrderEntry |

,
.
-

o
I (9 CustomerManagement | ‘ (9 AccountManagement |

Figure 1: UML class diagram showing structural elements

An architecture defines behavior

As well as defining structural elements, an architecture defines the interactions between these structural e
It is these interactions that provide the desired system behavior. Figure 2 shows a UML sequence diagrar
showing a number of interactions that, together, allow the system to support the creation of an order in an
processing system. Here we see five interactions. First, a Sales Clerk actor creates an order using an ins
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the OrderEntry class. The OrderEntry instance gets customer details using an instance of the
CustomerManagement class. The OrderEntry instance then uses an instance of the AccountManagement
create the order, populate the order with order items, and then place the order.
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Figure 2: UML sequence diagram showing behavioral elements

It should be noted that Figure 2 is consistent with Figure 1 in that we can derive the dependencies shown
Figure 1 from the interactions defined in Figure 2. For example, an instance of OrderEntry depends on an
instance of CustomerManagement during its execution, as shown by the interactions in Figure 2. This def
is reflected in a dependency relationship between the corresponding OrderEntry and CustomerManageme
classes, as shown in Figure 1.

An architecture focuses on significant elements

While an architecture defines structure and behavior, it is not concerned with dafirohghe structure andll

of the behavior. It is only concerned with those elements that are deemed to be significant. Significant ele
are those that have a long and lasting effect, such as the major structural elements, those elements assoc
essential behavior, and those elements that address significant qualities such as reliability and scalability.
general, the architecture is not concerned with the fine-grained details of these elements. Architectural
significance can also be phrased as economical significance, since the primary driver for considering cert:
elements over others is the cost of creation and cost of change.

Since an architecture focuses on significant elements only, it provides us with a particular perspective of t

system under consideration -- the perspective that is most relevant to the aidhitbis. sense, an architecture
Is an abstraction of the system that helps an architect manage complexity.

It is also worth noting that the set of significant elements is not static and may change over time. As a
consequence of requirements being refined, risks identified, executable software built, and lessons learne
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of significant elements may change. However, the relative stability of the architecture in the face of chang
some extent, the sign of a good architecture, the sign of a well-executed architecting process, and the sig
good architect. If the architecture needs to be continually revised due to relatively minor changes, then thi
a good sign. However, if the architecture is relatively stable, then the converse is true.

An architecture balances stakeholder needs

An architecture is created to ultimately address a set of stakeholder needs. However, it is often not possit
meet all of the needs expressed. For example, a stakeholder may ask for some functionality within a spec
timeframe, but these two needs (functionality and timeframe) are mutually exclusive. Either the scope can
reduced in order to meet the schedule or all of the functionality can be provided within an extended timefr
Similarly, different stakeholders may express conflicting needs and, again, an appropriate balance must b
achieved. Making tradeoffs is therefore an essential aspect of the architecting process, and negotiation, a
essential characteristic of the architect.

Just to give you an idea of the task at hand, consider the following needs of a set of stakeholders:

e The end user is concerned with intuitive and correct behavior, performance, reliability, usability,
availability, and security.

e The system administrator is concerned with intuitive behavior, administration, and tools to aid monit

e The marketer is concerned with competitive features, time to market, positioning with other products
cost.

e The customer is concerned with cost, stability, and schedule.

e The developer is concerned with clear requirements, and a simple and consistent design approach.

e The project manager is concerned with predictability in the tracking of the project, schedule, product
of resources, and budget.

e The maintainer is concerned with a comprehensible, consistent, and documented design approach,
ease with which modifications can be made.

As we can see from this list, another challenge for the architect is that the stakeholders are not only conc
that the system provides the required functionality. Many of the concerns listed are nonfunctional in nature
they do not contribute to the functionality of the system (e.g., the concerns regarding costs and scheduling
concerns nevertheless represent system qualities or constraints. Nonfunctional requirements are quite ofte
most significant requirements as far as an architect is concerned.

An architecture embodies decisions based on rationale

An important aspect of an architecture is not just the end result, the architecture itself, but the rationale fo
is the way it is. Thus, an important consideration is to ensure that you document the decisions that have |
architecture and the rationale for those decisions.

This information is relevant to many stakeholders, especially those who must maintain the system. This
information is often valuable to the architect when he or she needs to revisit the rationale behind the decis
were made, so that they don't end up having to unnecessarily retrace steps. For example, this information
when the architecture is reviewed and the architect needs to justify the decisions that have been made.

An architecture may conform to an architectural style

Most architectures are derived from systems that share a similar set of concerns. This similarity can be de
as an architectural style, which can be thought of as a particular kind of pattern, albeit an often complex a
composite pattern (a number of patterns applied together). Like a pattern, an architectural style represents
codification of experience, and it is good practice for architects to look for opportunities to reuse such exp
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Examples of architectural styles include a distributed style, a pipe-and-filter style, a data-centered style, a
based style, and so on. A given system may exhibit more than one architectural style. As Shaw and Garla
describe it:

[An architectural style] defines a family of systems in terms of a pattern of structural organization.
More specifically, an architectural style defines a vocabulary of components and connector types,

and a set of constraints on how they can be comiined.

And in terms of the UML:

[A pattern is] a common solution to a common problem in a given cofftext.

In addition to reusing experience, the application of an architectural style (or a pattern) makes our lives as
architects somewhat easier, since a style is normally documented in terms of the rationale for using it (an
there is less thinking to be done) and in terms of its structure and behavior (and so there is less architectt
documentation to be produced since we can simply refer to the style instead).

An architecture is influenced by its environment

A system resides in an environment, and this environment influences the architecture. This is sometimes |
to as "architecture in context." In essence, the environment determines the boundaries within which the sy
must operate, which then influence the architecture. The environmental factors that influence the architect
include the business mission that the architecture will support, the system stakeholders, internal technical
constraints (such as the requirement to conform to organizational standards), and external technical const
(such as the need to interface to an external system or to conform to external regulatory standards).

Conversely, as eloquently described in Bass, Clements, and KaZthenarchitecture may also influence its
environment. Not only does the creation of an architecture change the environment from a technology per
-- it may, for example, contribute reusable assets to the owning organization -- the creation of the architec
also change the environment in terms of the skills available within the organization.

When it comes to software-intensive systems, there is a particular aspect of the environment that must al
considered, as discussed earlier in this chapter. In order for software to be useful, it must execute. In orde
execute, the software runs on some kind of hardware. The resulting system is therefore a combination of |
software and hardware, and it is this combination that allows properties such as reliability and performanc
achieved. Software cannot achieve these properties in isolation of the hardware on which it executes.

IEEE Std 12207-1995, the IEEE Standard for Information Technology -- Software Life Cycle Processes, d
system differently from the IEEE 1471 system definition noted earlier (which focuses on software-intensive
systems), but is in agreement with the definitions found in the systems engineering field:

[A system is] an integrated composite that consists of one or more of the processes, hardware,
software, facilities and people, that provides a capability to satisfy a stated need or objective. [IEEE

122072
A configuration of the Rational Unified Process for Systems Engineering (RUP SE) contains a similar defir

[A system is] a set of resources that provide services that are used by an enterprise to carry out a
business purpose or mission. System components typically consist of hardware, software, data, and
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workerst3

In the systems engineering field, tradeoffs are made regarding the use of software, hardware, and people
example, if performance is key, then a decision may be made to implement certain system elements in he
rather than software or people. Another example is that in order to provide a usable system to customers,
decision is made to provide a customer interface that is a human being, rather than an interface implemer
software or hardware. More complex scenarios require certain system qualities to be achieved through a
combination of software, hardware, and people. (Accordingly, this series of articles makes reference to ele
other than software where appropriate.)

It is interesting to note that systems engineering is specifically concerned with treating software and hardv
well as people) as peers, thus avoiding the pitfall where hardware is treated as a second-class citizen to t
software and is simply a vehicle for executing the software, or where software is treated as a second-clas
with respect to the hardware and is simply a vehicle for making the hardware function as desired.

An architecture influences team structure

An architecture defines coherent groupings of related elements that address a given set of concerns. For
an architecture for an order processing system may have defined groupings of elements for order entry, a
management, customer management, fulfillment, integrations with external systems, persistency, and sect

Each of these groupings may require different skill sets. It therefore makes perfect sense to align software
development team structures with the architecture once it has been defined. However, it is often the case
architecture is influenced by the initial team structure and not vice versa. This is a pitfall that is best avoid
since the result is typically a less-than-ideal architecture. "Conway's Law" states that "If you have four gro
working on a compiler, you'll get a 4-pass compiler." In practice, we often unintentionally create architectu
reflect the organization creating the architecture.

However, it is also true to say that this somewhat idealized view is not always practical since, for purely
pragmatic reasons, the current team structure and the skills available represent a very real constraint on v
possible and the architect must take this into account.

An architecture is present in every system

It is also worth noting that every system has an architecture, even if this architecture is not formally docur
or if the system is extremely simple and, say, consists of a single element. There is usually considerable \
documenting the architecture. Documented architectures tend to be more carefully considered -- and there
more effective -- than those that are not, since the process of recording the architecture naturally leads to
thoughtful consideration.

Conversely, if an architecture is not documented, then it is difficult (if not impossible) to prove that it meet
stated requirements in terms of addressing qualities such as maintainability, accommodation of best pract
so on. Architectures that are not documented, which appear to be the majority in existence today, tend to
accidental rather than intentional.

An architecture has a particular scope

There are many kinds of architecture, the best known being the architecture associated with buildings anc
civil engineering structures. Even in the field of software engineering, we often come across different form
architecture. For example, in addition to the concepbétivare architecturewe may encounter concepts such
enterprise architecture, system architecture, organizational architecture, information architecture, hardware
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architecture, application architecture, infrastructure architectuned so on. You will also hear other terms, ea
of which defines a specific scope of the architecting activities.

Unfortunately, there is no agreement in the industry on the meaning of each of these terms or their relatio
one another, which results in different meanings for the same term (homonyms) and two or more terms m
the same thing (synonyms). However, the scope of some of these terms can be inferred from Figure 3. A:
consider this figure and the discussion that follows, there are almost certainly elements of it that you disac
or that you use differently within your organization. But that is exactly the point -- to show that these terms
exist in the industry, but that there is no consensus on their meaning.

Enterprise

System

Software Hardware

Organmization Information

Figure 3: The scope of different terms
The elements shown in Figure 3 are:

e Software architecture, which is the main focus of this article as defined earlier.

e A hardware architecture, which considers elements such as CPUs, memory, hard disks, peripheral ¢
such as printers, and the elements used to connect these elements.

¢ An organizational architecture, which considers elements that are concerned with business processe
organizational structures, roles and responsibilities, and core competencies of the organization.

¢ An information architecture, whictonsiders the structure by which information is organized.

e Software architecture, hardware architecture, organizational architecture, and information architectur
which are all subsets of the overall system architecture, as discussed earlier in this chapter.

e An enterprise architecture, which is similar to a system architecture in that it, too, considers element
as hardware, software, and people. However, an enterprise architecture has a stronger link to the b
that it focuses on the attainment of the business objectives and is concerned with items such as bus
agility and organizational efficiency. An enterprise architecture may cross company boundaries.

As one would expect, there are corresponding forms of architect (for example, software architect, hardwar
architect, and so on) and architecting (for example, software architecting, hardware architecting, and so or

Now that we've gotten through these definitions, there are many unanswered questions. What is the differ
between an enterprise architecture and a system architecture? Is an enterprise a system? Is an informatic
architecture the same as the data architecture found in some data-intensive software applications? Unfort
there is no set of agreed-upon answers to these questions.

For now, you should simply be aware that these different terms exist, but that there is no consistent defini
these terms in the industry and how they relate. The recommendation, therefore, is for you to select the te
relevant to your organization and define them appropriately. You will then achieve some consistency at lee
reduce the potential for miscommunication.

Summary
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This article has focused on defining the core characteristics of a software architecture. However, there are
guestions left unanswered. What is the role of the software architect? What are the key activities that the
Is involved in? What are the benefits of "architecting"? These questions, and others, will be answered in
subsequent articles in this series.
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