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ABSTRACT

Trends in component-based software development
point to increased use of pre-existing or purchased
components. A consequence of this type of develop-
ment is that systems are being composed of large-
grained components over which the developer wields
little control. This and other issues related to the use of
commercial components has created a new class of
design problem that is not addressed by traditional
development methods and tools. In this paper we
describe this class of design problem, and introduce
Ensemble, a conceptual language that supports assem-
bling software systems from commercial components.

INTRODUCTION

In recent years, software development using pre-exist-
ing or purchased components has become common-
place. Thistrend has far-reaching effects. Among these
effects is that systems are being composed of large-
grained components over which the developer wields
little control. Moreover, the primary source of software
components is the commercial marketplace, and mar-
ket dynamics add new dimensions of design complex-
ity and risk to software development. Software
developers are, to a large extent, unaware of these new
dimensions; they continue to approach software devel-
opment using methods that served them well when
constructing systems from “bespoke” components—
i.e., components that are custom developed for a partic-
ular project.

We have developed Ensemble, a conceptual language
that supports development of systems from pre-exist-
ing components. Ensembles describe a scope of inter-
actions among components, and comprise a set of
components and their interactions. Annotations are
associated with the components and interactions in an
ensemble. These annotations specify quality attribute
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objectives of component interactions, and specify the
component properties these objectives depend upon.
Ensembles are also annotated and can be related to
other ensembles. Ensemble annotations and relation-
ships capture information about the state of a design
activity, for example the feasibility of an ensemble, or
contingency and repair relationships among ensembl es.
Thus, ensembles convey information both about a par-
ticular design, and about the state of the design process.

THE PROBLEM

Software design is at heart a decision-making process.
There are two classes of design decision: optimization
and selection. All software design problems exhibit
both classes of decision. Systems developed primarily
from custom-built software are dominated by optimiza-
tion decisions, while systems designed from pre-exist-
ing software components are dominated by selection
decisions. Current design methods are oriented towards
optimization rather than selection.

Optimization

Optimization decisions arise when there are too many
design options to itemize. For example, choosing a set-
ting on a sixteen channel stereo equalizer requires an
optimization strategy. In this situation, the fundamental
design problem is to generate a feasible design. In
bespoke systems, the designer is free to partition a sys-
tem into components of arbitrary scope, to define com-
ponent interfaces in arbitrary ways, and to select
arbitrary mechanisms to support interaction of compo-
nents. This freedom means there are an infinite number
of design options, hence optimization.

Software engineering methods today are biased toward
optimization decisions. Methods rooted in object-ori-
ented analysis and design define optimization proce-
dures that refine requirements statements (use cases,
for example) into a collection of class specifications
[8,15]. Component-based extensions of object-oriented
methods add nuance to the optimization procedure, but
do not fundamentally change the design approach [7].
Methods rooted in software architecture are likewise
geared towards optimization, except that, in contrast to



object-oriented methods, architectural design methods
are more robust in their treatment of quality attributes
such as security, performance, and scaleability, and
trade-offs among these attributes [5,16,17].

Selection

Selection decisions arise when there is a bounded, and
usually small set of a priori design options. In this situ-
ation, the fundamental design problem is to select the
option that best satisfies specific design qualities. In
systems built from pre-existing software components,
the designer is not free to define the scope of compo-
nents, their interfaces, and their interaction mecha-
nisms, as these decisions have already been made by
the component developer. This greatly restricted design
freedom leads to the primacy of selection decisions.

Modern software engineering methods are deficient in
their treatment of selection procedures. Where tech-
niques are discussed at al, they tend to be based in
multi-criteria decision theory [18], and even then these
techniques are not well integrated with an overall
design process. While multi-criteriaanalysisis aneces-
sary foundation for any selection procedure, compo-
nent selection introduces challenges not addressed by
multi-criteria procedures alone. For example, multi-cri-
teria procedures assume that selection decisions are
independent. Thisis not the case with software compo-
nents. Component selection decisions are often
strongly interdependent, with one selection decision
constraining others. These interdependencies are, in
themselves, a principle source of selection criteria.

Commercialization

Today, and for the foreseeable future, the commercial
marketplace is the primary source of software compo-
nents. In fact, software components and the software
component marketplace are inextricably linked.
Szyperski observed that a component must be defined
to fill a market niche so that it can be used in many sit-
uations [25]. However, Szyperski's notion of market
was largely (although not completely) metaphorical. In
contrast, our use of the term component market refers
to something that demonstrably exists today, complete
with component suppliers, component infrastructure
providers, third-party component integrators, and, ulti-
mately, consumers.

Ignoring the effects of the marketplace on software
engineering would be analogous to ignoring the com-
plicating effects of friction in mechanica engineering.
In particular, there are three qualities of commercia
software components that together account for asignif-
icant share of the challenges posed by software compo-
nents:

1. Commercial software components are complex.

Vendors package complexity to attract a market.
However, components can become so complex that
even experts do not know all their features. In prac-
tice, there will be gaps in engineering knowledge
about component features and behavior, and thisisa
significant source of risk.

2. Commercial software componentsareidiosyncratic.
While components may implement standard fea-
tures, it isinnovation that attracts consumers. Inno-
vation results in knowledge that is component-
specific. It also resultsin integration difficulties due
to mismatches among innovative (and therefore
non-standard) component features.

3. Commercial software components are unstable.
New features must be introduced to generate sales
and preserve product differentiation. Therefore,
knowledge about componentsis not just vendor-
specific—it also has a short half life. Moreover,
design assumptions based on component features
can be fragile and subject to untimely revision.

The combined effect of these component qualities
introduces a new realm of challenges for designers, one
that clearly outstrips multi-criteria selection proce-
dures. In the following section we introduce compo-
nent ensemble as a fundamental design abstraction.
Ensembles expose component dependencies, and shift
the emphasis from selecting individual components to
selecting sets of components that work together.

ENSEMBLE METAMODEL

In this section we define a metamodel for ensembles.
The metamodel is instantiated to produce models of
ensembles (hence, metamodel). We use the Unified
Modeing Language (UML) to define the metamodel.
Later, we will also use UML to instantiate the meta-
model, i.e., to produce models of ensembles. Other
notations are possible, and in particular any architec-
ture description language that supports connectors
[2,12,25] will likely be adequate to describe ensembles.

Figure 1 presents the ensemble metamodel. We now
discussits key concepts.

Commercial Software Component

Thereis no shortage of definitions for software compo-
nent [3,7,13,20,23]. We adhere to the broad consensus
that components are binary implementations with an
interface, but add additional criteria that reflect their
origin in the component marketplace. A commercial
software component is.

e animplementation of functionality

 (distributed in binary form

» subject to third-party composition

« sold/licensed for profit by avendor
sold/licensed in identical (non-customized) form
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Figure 1: Ensemble Metamodel

Examples of commercia software components are
Oracle relational database management system,
Microsoft Word, and Netscape Navigator.

Credentials

To date, component vendors have been unwilling to
provide complete and accurate specifications of their
components—and there is no reason to expect this to
change in the near future. Indeed, it may not be practi-
cal or possible for vendors to provide a complete com-
ponent specification. Mary Shaw recognized this
possibility, and suggested the idea of credentials [21].
Credentials are an open-ended and extensible way of
describing the properties of a component. A credential
is a 3-tuple <Property, Value, Credibility> where:

» Property denotes a visible property of a component,
for example “encryption method” and “average
response time.”

» Value denotes ameasurement of a property on apar-
ticular component, for example “triple-DES encryp-
tion” and “50ms average response time.”

» Credibility denotes the source of knowledge about a
<Property,Value> association, for example “from
documentation.”

The list of credentials associated with a given compo-
nent is arbitrary and extensible. Credibility provides a
link between the what is known about a component,
and how this knowledge was obtained. This link is
important for designers to assess design risk, and to
identify the need for contingency plans.

Postulate

A credential documents something that is known about
a component. However, it is often just as important to
document what needs to be discovered. For example,
does a particular component support encryption? Per-
haps it is known that it supports encryption, but what
kind of encryption? In either case, instead of a creden-
tial we state a postulate. A postulate is structurally
analogous to a credential, but is interpreted as a plan
for producing a credential A postulate is a 3-tuple
<Property, Value, Plan> where:

* Property denotes avisible property of a component.

¢ Value denotes a (possibly empty) measurement of a
property on a particular component.

« Plan denotes how a <Property, Value> association
will be obtained.

The value of a property may be unknown or it may be
hypothesized. The plan describes a procedure for vali-
dating the association of a property with a component,
or for abtaining or confirming the value of a property.

Component Classifiers

We have found that, in practice, designers tend to think
of components at three distinct levels of abstraction:

1. Component: as defined, above.
2. Product: a set of components from a single vendor.
3. Technology: a set of productsin a market niche.

These abstractions reflect how designers make gradu-
ated selection decisions. For example, the designer
may first select relational database technology rather
than, say, object-oriented technology. Later, the
designer may select from among relational database
product vendors, for example Sybase, Informix, and
Oracle. Still later, the designer may select a particular
database component. This sequence of selection deci-
sionsinvolves agradual commitment to the component
that is ultimately selected. Different selection criteria
may be used, and different levels of credibility may be
required, at each step in the decision process.

These abstractions also reflect an implicit type model
that is associated with components. In this light, it is
often useful to associate postulates and credentials with
technologies and products, and not just with compo-
nents. For example, it might be known from documen-
tation that al Netscape browsers support a particular
version of X.509 digital certificates. This suggests an
association of a credential such as <digital certificate,
X.509v3, documentation> to a product called
“Netscape Navigator.” Analogous illustrations can be
devised for technologies, and for postulates.

In Figure 1, Technol ogy, Product, and Conpo-
nent speciaize El ement , which possesses an arbi-



trary number of Cr edent i al s'. If acredentia is, in
fact, postulated, then the value of i sPost ul at e is
True. Technol ogy classifies one or more Pr od-
uct, which in turn classifies one or more Conpo-
nent . The scope of acredential or postulate associated
with a product is al components classified by that
product. The scope of a credential or postulate associ-
ated with atechnology is all products classified by that
technology, and all components classified by these
products.

I nteractions and Constraints

Components are integrated so they can interact, i.e.,
exchange control and/or data. Component-based design
is centered on interactions, not components. There are
two reasons for this.

1. Designers have little or no control over the compo-
nentsin a system, but they do have control over
how components are integrated.

2. Quality attributes pertain to component interactions
aswell as components. For example, confidentiality
isinherently interactional.

While quality attributes may pertain to interactions, the
mechanisms that enable interactions (and therefore the
guality attributes of these interactions) are supplied by
the components. Constraints provide the link between
component properties and interaction properties. A
constraint is a 4-tuple <Property, Value, { Credentia},
Credibility>:

» Property denotes a property of an interaction.

» Value denotes a measurement of a property of an
interaction.

e {Credential} denotes the set of component proper-
ties needed to achieve that property.

» Credibility denotes the source of knowledge about a
<Property, Value> association, and a description of
how { Credentia} contributesto Property.

Constraints are analogous to credentials, except that
constraints pertain to interactional properties whereas
credentials pertain to component properties. Note that
the credibility threshold for interactional properties is
independent of the credibility of component properties.

To complete the analogy between constraint and cre-
dential, constraints also come in the form of postulates.
We include a definition of postulated constraint for
completeness, although its similarity with postulated
credentials makes further elaboration superfluous. A
postulated constraint is a 4-tuple <Property, Value,
{ Credentia}, Plan> where:

1.To conserve spacein the figure we have not included the
property, value, and credibility (or plan) attributes.

» Property denotes a property of an interaction.

¢ Value denotes a measurement of a property of an
interaction.

e {Credential} denotes the set of component proper-
ties needed to achieve Property.

e Credibility denotes how a <Property, Value> associ-
ation will be obtained.

Ensemble

An ensemble is a scope of interactions among technol-
ogies, products, and components that cooperate to pro-
vide aggregate behavior. The most important point to
note in this definition (and in the metamodel) is the
central role played by interactions. A component
defines a scope of functionality, while an ensemble
defines a scope of interactions.

Ensembles are the nexus of component-based design.
They specify which components are involved, how
they interact, and what component features are essen-
tial to those interactions. Ensembles demarcate what is
known about components and their interactions and
what remains to be discovered. There is, therefore, a
direct connection between ensembles and an underly-
ing design process. Ensembles do not merely document
design decisions already made, but also help to struc-
ture and direct the design process itself. Ensembles are
to component-based designers what navigation charts
were to seafaring explorers.

APPLICATION

The ensemble metamodel, and the design processes it
supports, evolved from interviews with designers, case
studies, and trial application on industrial-scale
projects during the period 1997-2001. For reasons of
space we describe only two applications of ensemble:
attribute-specific projections, and remedy manage-
ment. Additional topics, along with a detailed case
study, can be found in [24].

Design Documentation

Commercial components are designed to work in many
application contexts. Only a small proportion of com-
ponent features are typically used in any particular
application. Prior to selecting a component, a designer
must select which component features are pertinent.
Often, the features which are pertinent are those that
concern component interaction. Documenting an
ensemble (or, for that matter, a component selection
decision), requires that these pertinent features, and
their relationship to interactions, be made explicit. We
do this by means of ensemble projections.

Briefly, a projection is a model of a subset of the com-
ponents and interactions in an ensemble. A useful heu-
riic is to create a separate projection for each
ensemble interaction that bears a quality attribute



requirement (i.e., a constraint). Each projection, then,
will document how a pattern of component interactions
satisfies a quality attribute, and which component fea-
tures are necessary for that pattern of interaction. The
complete documentation of an ensemble will be found
(among other artifacts) in the aggregation of these pro-
jections.

Figure 2 illustrates a projection described as a stylized
UML collaboration diagram. This projection is focused
on the authorization attribute of the Applet ensemble.
(We know this by virtue of ensemble naming conven-
tions summarized in Table 1.) The authorization qual-

| Applet::authorization:(Ensemble) |

Credential ? Credential?
Property: VM Property: 11OP
Value: >= WM1.1 Value: >= CORBAV2.0
Credibility: Documentation LI&A Credibility: Documentation
* N . "
o [ WebBrowser: userO WebServer: L4
Y (Technology) | TR (Technology) ,'

’

1.1:user=createUser¢ <<lIOP>> o
&

Applet:(Custom | SecMar:(Custom) |

<<||OP> 2.1:user.authorized($ <<|lOP>>
4 Zgdlimage SM:(Custom)
’
. Oo—>
* user

¢
o

Constraint?

Property: Access control

Value: Accessislimited to authorized users

Credentials: httpBrowser.JVM, SecMgr.||OP

Credibility: Test scenario. All service responses
are preceded by an authorization test.

Figure 2: Attribute-Specific Ensemble Projection

ity attribute is described in the constraint at the bottom
of the figure, which defines a property called “access
control,” whose value is described as arestriction on an
(in this case, implied) use case. The credibility states
both what is needed to demonstrate confidentiaity (a
test scenario), and the criterion to be satisfied by that
test (the authorization test, found in interaction
2. 1:user. aut hori zed() intheprojection).

Table 1: UML Conventions for Ensemble Projections

M etamodel Modeling Convention

Ensemble Object instance of the metamodel class
Ensemble. The name of the instance desig-
nates the subset of interactions modeled. If
al interactions are model ed, the name of the

instance is the name of the ensemble.

Table 1: UML Conventionsfor Ensemble Projections

Metamodel Modeling Convention
Technology, Object instances of the metamodel classes
Product, Com- Technology, Product, Component, and Cus-
ponent, Custom- | tomcode, respectively.
code
Element Never instantiated. Element is an abstract

superclass in the metamodel.

Interaction Not instantiated for binary interactions.
Instantiated with distinguishing iconic rep-
resentation for N-way interactions.

Credentid Structured annotation beginning with the
keyword Credential, and including the key-
words Property, Value, and Credibility.

Postulated Cre- Structured annotation beginning with the

dential keyword Credential ?, and including the
keywords Property, Value, and Credibility.

Constraint Structured annotation beginning with the
keyword Constraint, and including the key-
words Property, Value, Credentials, and
Credibility.

Postulated Con- | Structured annotation beginning with the

straint keyword Constraint?, and including the
keywords Property, Value, Credentials, and
Credibility.

The credentials and constraint in Figure 2 a marked
with the “?" suffix, indicating that they are postulates.
This projection, then, models a design conjecture that
must be validated. A demonstration of the access con-
trol constraint is required to validate, at least in part,
the feasibility of the Applet ensemble.

Remedy Management

Validation of feasibility is of fundamental importance
in component-based design precisely because so much
is unknown or unspecified about how components
behave alone or in an assembly. Given this uncertainty,
it is hardly surprising that ensembles often fail to sat-
isfy one or more constraint. However, al is not lost in
such circumstances. In fact, such failures simply ini-
tiate design activities that are intended to discover one
or more remedies for the failure.

The search for ensemble deficiencies and their reme-
dies is a recurring if not central theme in component-
based design. Remedies are, conceptually, a binary
relation from ensembles to ensembles. One end of the
relation is a deficient ensemble; the other end is an
ensemble that, in some way, remedies the deficiency.
We model these relations as UML associationst.

1.In the interest of space we define remedies and so forth
directly in UML terms. It must be noted that these defini-
tions do not in any way depend upon UML.



Figure 3illustrates a fragment of the design space from
a system we recently developed. By convention, we
model the design space in an ensemble projection
whose name is aways Contingency, and which con-
tains only ensembles and their associations.

Applet::Contingency: (Ensemble)

,| JavaProtectionDomains;(Ensemble) |

, ’ wait
, NewSSL PackRelease
; :(Ensemble)
, é wait \
N\
Repair a)-c) inclusive Repair d) %

/
/

_irepa ! customDB:(Ensemble)

|Applet:(EnsembIe)|—W‘ NetscapeDB:(Ensemble)|

-
4 -

s

L7 Repair €)
Infeasible - N
Remesics e
) Locked into Netscape certificates for object signing -

b) Locked into Navigator Java VM for object signing
¢) Locked into Navigator NCC for sandbox extension
d) SSL Pack does not work with Netscape certificates
€) No AP! to Netscacpe keys, need private key for SSL

Figure 3: Remedy Management

The Applet ensemble has five deficiencies, labeled a)-
€) in an annotation associated with it (the meaning of
the keyword Infeasible in this annotation will be dis-
cussed later). We distinguish two types of remedies.
Active remedies, called repairs, are under the control
of the development project, for example, developing a
wrapper to add a missing feature to a component. In
contrast, passive remedies, called waits, depend upon
an event in the component marketplace, for example,
the release of anew version of a component.

To formalize remedy management, we define for each
ensemble a feasibility predicate f which expresses a
judgement about the feasibility of ensemble e (1):

O(e 0 E)|(f(e) O { True, False, Unknowr} ) (D)

where E is the set of al ensembles in a particular
design. The predicate is defined using three-value
logic. This represents the true state of affairs in a
design activity, in which a designer undertakes design
exploration to transform ensembles from unknown fea-
sibility to judgements of feasible or infeasible.

Returning to Figure 3, the Applet ensembleis judged to
be infeasible due to the annotated deficiencies. How-
ever, the Applet ensemble is not simply infeasible: itis
conditionally feasible. The feasibility of the Applet
ensemble depends upon the feasibility of each stipu-

lated remedy. Conditional feasibility is expressed as in
an alternative form of feasibility predicate:

(De D E, Oe, 0 Eg)[f(e) O(f(e;) Of(e-Eg)) 2

where Eg is the set of remedies associated with an
ensemble, and f(e-Ep) denotes the feasibility of ensem-
ble e after all feasiblerepairsin E; have been applied.

To illustrate, let e in (2) denote the Applet ensemblein
Figure 3, and Ey the set of remedies. If we assume that
all remedies are feasible, the feasibility of the Applet
ensemble might be determined by substituting con-
stants of three-value logic for each feasibility predicate
in(2):

False O (True OUnknown) = False 0Unknown =Unknown

In thisillustration, f(e) = False because e has deficien-
cies. For the illustration we assert that f(e,) = True for
al repairs. However, f(esEg) = Unknown expresses the
fact that the repairs, in this illustration, are not wholly
determinate of ensemble feasibility.

The dternative feasibility predicate shown in (2)
assumes that the repairs in E; are non-redundant, i.e.,
each deficiency is remedied by at most one e, O E.
The feasibility predicate in (2) can be easily extended
to deal with redundant repairs.

SUMMARY OF ENSEMBLES

We have described the new challenges introduced by
software components. We introduced Ensemble, a con-
ceptual language for meeting these challenges. Ensem-
bles are part architecture description, part project
roadmap, part design status. We have also illustrated,
by way of attribute-specific ensemble projections and
ensemble repair management, some of the design pro-
cesses supported by Ensemble.

RELATED WORK

There are three principle areas of related work: soft-
ware architecture, design patterns, and component-
based software methods.

Software Architecture

Like ensembles, software architecture deals with the
large-scale structure of software systems. Ensemble
projections exhibit strong similarities to a class of
architecture description languages (ADL) that are
based upon the primitive concepts of (architectural)
components and connectors [2,12,25]. Our thinking
about constraints has, in fact, been influenced by the
work of David Garlan, who has long advocated the
importance of making the role of connectors “first
class’ in design abstractions. While we do not attribute
mechanisms to interactions, interactions are roughly
analogous to connectors, and are central to our under-
standing of component ensembles.



Software architecture is not just about representation; it
is also concerned with the relationship between the
quality attributes of a system (reliability, performance,
security, etc.) and its structure, and exploiting this
structure to support analysis of quality attributes.
Architectural styles have been the traditional link
between structure and quality attributes. Styles are
defined by a set of component types and their allow-
able patterns of interaction [1,4]. Ensembles also
describe patterns of interactions among types of com-
ponents, and link these patterns to the achievement of
quality attributes.

Design Patterns

Even more important than deep expertise in any one
technology is a general understanding of how several
technologies can be combined. Good designers are
familiar with a variety of patterns of component inte-
gration, and know the strengths and weaknesses of
each. This is analogous to the idea of design patterns
that emerged from the object-oriented (OO) research
community [6,9]. The basic motivation of design pat-
ternsis to reuse proven patterns of interaction, whether
at the computer program level or system design level.

One way ensembles differ from design patterns, and
from architectural styles (another form of design pat-
tern) is the source of the pattern. For ensembles, the
source is the commercial component marketplace.
Ensembles are “design patterns du jour.” In contrast,
architectural styles and object-oriented design patterns
are more stable, and, therefore, fundamental. Thus,
there are different incentives for documenting ensem-
blesthan exist for architectural stylesand OO patterns.

Component-Based Methods

Cheesman and Danidls' base their method, UML Com-
ponents, on the premise that the value of component-
based development lies not in reuse of components, but
in the development of highly adaptable systems [7].
Their method therefore focuses on how component
specifications can be systematically derived from high-
level models, and how component dependencies can be
both minimized and made explicit. Their method does
not, however, offer any guidance on designing systems
from pre-existing components.

Like us, and unlike Cheesman and Daniels, Herzum
and Sims believe that the essence of component-based
development lies in the use of pre-existing components
[14]. Unlike us, however, they do not believe such
components exist. Instead, a business component fac-
tory must begin with bespoke components. As a result,
Herzum and Sims focus on the reuse processes that
will, in some indefinite future, result in a population of
components from which systems can be constructed.

D’Souza and Wills' Catalysis [8] and Rational’s Uni-
fied Software Development Process (RUP) [15], also
focus on specifying bespoke components. Catalysis
roots in formal approaches to object-oriented design is
evident in its emphasis on rigorous specification rather
than exploration and discovery. On the other hand,
Catalysis recognizes the importance of treating patterns
of interaction among components as first class design
abstractions, and its notion of kit is the bespoke compo-
nent analogue of ensembles. RUP also has its roots in
object-oriented development, but relegates component
abstractions to issues of software packaging and
deployment, rather than fundamental design.

FUTURE WORK

There has been recent work to make UML more suit-
able asan ADL. At aminimum, this means addressing
several aspects of UML that make it deficient as an
ADL [11,19]. Extensions to the UML metamodel have
been proposed to remedy these deficiencies, and at
least one ADL, ACME [12], has been mapped to the
revised UML metamodel. We plan to study using
ACME, with its UML mappings, as a formalism for
ensemble projections. This will simultaneously update
our use of UML, and help usto understand the applica
bility of ADLsin general to component-based design.

We are investigating ways to bundle quality attribute
reasoning frameworks with software component tech-
nologies, so that the quality attributes of component
assemblies can be predicted from the certified proper-
ties of the components [22]1. Work on attribute-based
architectural style (ABAS) [17] and, more recently, on
quality attribute mechanisms, reinforces the central
role of patterns of component interaction on achieving
quality attributes. This suggests a natural link between
ensembles and attribute reasoning frameworks. We
plan to explore this link more fully in the coming
months.

CONCLUSIONS

Assembling systems from pre-existing software com-
ponents results in a new class of design problem, one
based in selection rather than optimization. The soft-
ware component marketplace is a confounding influ-
ence on this new class of design problem. Designers
using commercial components are faced with limited
and rapidly wasting knowledge of component behavior,
integration mismatches arising from non-standard
component features, and mutually-constraining selec-
tion decisions. Since the commercial market will con-
tinue to be the primary source of pre-existing
components, these confounding influences must be
addressed by software engineering methods. Current

1.See also http://www.sei.cmu.edu/pacc/index.html.



software methods have not caught up with the clearly
recognizable shift in emphasis from bespoke compo-
nents to pre-existing components.

We have described Ensemble, a conceptual language
for meeting the challenges of commercial component-
based design. Ensembles support design with partial
and unstable knowledge of component properties.
Ensembles help document designs by making explicit
the links between component properties and compo-
nent interaction. Ensembles also support graduated and
incremental selection of technologies, products, and
components. We aim, in future work, to augment the
descriptive focus of ensembles with analysis and pre-
diction of the quality attributes of component assem-
blies.
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