
Toward Software Plug-and-Play

Francois Bronsard, Douglas Bry?n, W. (Voytek) Kozaczynski, Edy S. Liongosari,
Jim Q. Ning, Asgeir Olafsson, and John W. Wetterstrand

Andersen Consulting

Center for Strategic Technology Research

3773 Willow Road

Northbrook, Illinois 60062-6212, U.S.A.
+1 8477142537

jning@cstar.ac.com

ABSTRACT
The growing size and complexity of systems has revealed
many shortcomings of existing software engineering prac-
tices, for example, lack of scalability. This in turn raised
interest in component-based and architecture-driven soft-
ware development. In all likelihood, component-based
software will form the foundation on which future systems
will be built. The shift toward developing systems from
components has been more evolutionary than revolution-
ary. It has its roots in accepted architectural principles
such as layering, modularization, and information hiding.
But it also introduces its own principles and concepts and
presents new challenges. This paper discusses research
ideas and technologies that will facilitate the transition
toward component-based software development by lever-
aging object-oriented middleware technologies such as
CORBA and OLE. We also present an innovative compo-
nent-based development environment to illustrate the ideas
we introduce.
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INTRODUCTION
For many years software researchers have been looking for
ways of assembling systems from components: the “LEGO
block” style of software construction. Such an approach to
software building should results in systems of higher qual-
ity and lower costs. Sojhwzr-eplug-and-play also promises
more evoivable systems — a result of the capability to eas-
ily replace constituent components. Over the last decade
component-related research could be found under subjects
such as module interconnection languages [27], module
inte~ace specification and analysis [26], megaprogram-
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ming [5, 32], dornain-specljic sojlware architectures [17,
9], software generators [2], and architecture description
and configuration [10, 15]. A common theme to all this
research is a shift of emphasis from programming-in-the-
small to programming-in-the-large and from program de-
velopment to development of distributed systems. The two
key concepts that have emerged are: (i) components, large-
grain functional units of systems and (ii) architectures,
blueprints describing system composition.

Component-Based Software Engineering (CBSE) is a re-
search projectl conducted at Andersen Consulting to de-
velop technologies enabling software plug-and-play. A
primary motivation of this work is dealing with rapidly
growing complexity and size of business software systems.
Today, a large business system is built by a team of more
than 150 people over the time of more than a year. Its
major components are developed separately or purchased
off the shelf. Yet, these individually developed or acquired
components must work together. Hence, there is a need for
a framework for plug-and-play.

The need for software plug-and-play also arises from the
increased flexibility that businesses demand of themselves
and consequently, of their software systems. Typical busi-
ness imperatives like productivity, quality, time-to-market,
and the ability to adapt to changes, are well-served by
componentized, flexible systems in-house. For example, it
may be reasonable for a business to try to out-source its
billing while keeping other information systems. However,
if its systems are not componentized and are tightly cou-
pled, a reasonable business decision may be inhibited by
software inflexibility. The goal of CBSE is to make
changes like the one described above simple.

Despite the research efforts mentioned above, the research
community has not yet offered practitioners a practical and
actionable approach to component-based software build-

1Tbe work reported in this paper is sponsored in part by the U.S.
NationatInstime of Standardsand Technology’sAdvanced
TechnologyProgramon Component-BasedSoftware.
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ing. At the same time software designers and developers,
feeling the need to address complexity and scale issues,
began to develop their own pragmatic solutions. In par-
ticular, they started leveraging various forms of middle-
ware. Middleware is a layer of software that insulates ap-

plication software from system software and other techni-
cal or proprietary aspects of underlying run-time environ-
ments. Among the more advanced middleware solutions
are distributed object middleware. The two best known
object middleware de-facto standards are the Object Man-
agement Group’s (OMG) Common Object Request Broker
Architecture (CORBA) [23] and the Microsoft’s OLE [4]
with its underlying Component Object Model (COM) [19].
A number of implementations of CORBA are commer-
cially available. Similarly, a workstation version of OLE is
available and a distributed version should be available
soon.

The use of middleware, especially object middleware, pro-
vides the technology underpinning for component-based
architectures, However, object models and component
models differ. As a result, the object models underlying
CORBA and OLE do not contain all the necessary con-
cepts for describing components and their assembly. The
plug-and-play vision encounters the “plug-and-pray” real-
ity.

The objective of this paper is to present ideas and tech-
nologies central to software plug-and-play. We discuss
these ideas in the context of how existing research and
technologies, such as OLE and CORBA, can be leveraged
to support component-based systems construction. The
discussion in the next three sections centers around the
following essential attributes of plug-and-play software:

●

●

●

Context independence. Software components should
state the assumptions made about their context. In
other words, components need not know which other
specific components they will interact with or be
“hard-wired” with them. We should be free to connect
components at assembly time as long as connections
have been verified.

Location transparency. A component’s implementa-
tion should not assume any specific location or con-
figuration. It is essential that we can assemble com-
ponents in different configurations and assign them to
execute in different threads of the same process or
separate processes distributed over networks.

Heterogeneous connection. It is not realistic to as-
sume that components must be homogeneous to be
plugged together. Heterogeneity of components is
caused by their dependencies on the technical archi-
tectures of their run-time environments: programming
languages, communication protocols, hardware plat-
forms and operating systems. We should support
composition of heterogeneous components.

● Evolvability. A key premise of plug-and-play is that
systems will evolve easily. Thus, we should allow
components to be easily added, removed, or replaced
after the deployment of a component-based system.

The penultimate section introduces a prototype Architec-
ture Design Environment (ADE) that we have developed at
Andersen Consulting’s research center. We use a scenario
to illustrate the features of ADE and demonstrate our ideas.
The last section summarizes the paper and presents some
of the anticipated directions of the plug-and-play research.

COMPONENT MODEL
This section introduces our component model and explains
how it addresses some of the software plug-and-play at-
tributes. The model is a set of system architecture model-
ing abstractions. It includes a set of modeling concepts,
their respective semantics, and rules of how to combine the
concepts into system architecture specifications. The
model is accompanied by an Architecture Specification
Language (ASL) which the CBSE project developed to
support component-based architecture specification. While
the model has been fully developed, we cannot present it
here in its entirety. We focus only on the elements most
relevant to component-based software: components, com-
ponent inte~aces, bindings, and configurations.

Components,Interfacesand Bindings
A component is a significant functional unit of a system.
Components can be anything from a high-level business
function like “customer order processing” to a low-level
technical task such as “roll back transaction.” A component
can be either atomic or composite. A composite compo-
nent contains other components as its sub-components,
which are themselves atomic or composite. Therefore, the
architecture of a complete system can be described as a
hierarchical organization of atomic and composite compo-
nents. Moreover, a component is a reusable and sharable
unit; that is, it can be handed from one project to another.

The functionality of a component is defined by its inter-
faces. In our model, a component has one or more pro-
vided and required interfaces. Syntactically, interfaces are
similar to object class descriptions: they contain attributes
and operations. Semantically, provided interfaces specify
those services or capabilities that a component offers to
other components. Conversely, the required interfaces
specify those services that a component must receive from
other components in order to carry out its own responsi-
bilities.

The concept of required interfaces is essential to enabling
software plug-and-play. They expose operation invoca-
tions that a component makes to other components. Such
invocations are typically embedded in a component’s im-
plementation and are not easily identified. Required inter-
faces explicitly specify the server prerequisites of a com-
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interface ImprovedPolicy: Policy{
states { stlnitial(init), stAuthorized };
void Authorize(in string name, in string password) raises (Unauthorized)

precondition { stlnitial; };
postcondition { stAuthorized; };

void IncreasePremium(in float percent)
precondition { percent> 0.0; stAuthorized; };

1<
1!

Figura 1. Interfacespecification

ponent~. A component does not have to be “hard-wired” to
a specific component that provides the required services.
Instead, it is possible to attach it to any components offer-
ing those matching services.

The interface in our model is a strict extension of the
CORBA IDL interface [23]. As in IDL, it supports fea-
tures such as operations, attributes, exceptions, multiple
inheritance and name spaces. However, our interface also
has important additional semantic-oriented features of pre-
and post-conditions, invariants, and states.

Figure 1 gives an ASL example of an interface specifica-

tion. This specification defines the Improved Policy inter-
face that inherits from the Policy interface and adds the
operations Authorize and IncreasePremium.

The precondition for IncreasePremium requires that the
input parameter percent be greater than zero and the state
be stAuthorized. (The operation Authorize setsthe state.)
Statesare used to specify the legal sequences of operation
invocations on the interface, i.e., they specify the protocol
of the interface. It is also worth pointing out that the in-
heritance between the two interfaces is inte~ace inheri-
tance. Unlike inheritance in a typical object-oriented pro-
gramming language such as C++, the implementation of
Policy is not inherited by Improved Policy. Problems with
implementation inheritance in distributed programming
have been suftlciently explored elsewhere [18]. The left-
hand side of Figure 2 illustrates how the interface given in
Figure 1 is assigned to two components as required and
provided interface respectively.

As mentioned earlier, components can be connected to-
gether to form composite components. A connection is
realized by binding a required interface of one component
with a provided interface of another component. This is
ilhsstrated by the right-hand side of Figure 2.

The ability to express component bindings explicitly is
essential to modeling of large sofiware systems. A compo-
nent composition represents the architecture of a system.

One use of system architectures is the optimal allocation of

computing resources. For example, if high bandwidth
communication is required between two components, we
might choose to put them on the same network segment,
same machine, or even in the same process space.

Representing component interconnections at the interface-
level, rather than at the port- or operation-level [15, 27],
reduces the complexity of modeling system architectures.
Interfaces group related attributes and operations together.
In our model one connection between a required and a
provided interface represents many connections at the op-
eration-level.

Collflguratiolla
In general, configuration specifications provide the infor-
mation necessary to integrate heterogeneous component
instances into an executable distributed system. The issue
we address with configurations is, that component imple-
mentations have dependencies on their development
(programming languages, object model, etc.) and execution
(platforms, middleware, etc.) environments. We call these
dependencies component configuration properties. These
properties are specified in ASL as shown in Figure 3.

In the example, the configuration of the Client component
specifies language (C++) and operating system (Windows
NT) properties. CPPApplication then states that for the
clientlnstance of the Application component, the
CPPClient configuration is used, CPPApplication also
declares that this particular configuration of the Applica-
tion component may be accessed via a naming service of
the underlying communication middleware (e.g., CORBA’S
naming service) using the name Application. There are
other properties that can be specified such as host ma-
chines and middleware requirements. Default values are
assumed for necessary properties that are not specified.
Multiple configurations may be specified for a single com-
ponent and used in system assembly.

2Informally, a server is a component with a provided interface,
and a client is a component with a required interface.
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component Client { component Application {
requires ImprovedPolicy required Policy; Client clientlnstance;

); Server serverlnstance;
component Server { bind clientlnstance. requiredPolicy

provides ImprovedPolicy providedPolicy; to serverlnstance. providedPolicy;

} };

Figure 2. Interface assignmentand componentbindings

SPECIFICATION ANALYSIS
Before two components can be connected, or bound to-
gether, it must be shown that the required interface of the
client component is satisfied by the provided interface of
the server. The objective of specification analysis is to
prove that such is true and assist in binding components
that have interface mismatches.

In the simplest case, the provided and required interfaces
are instances of the same interface, so they match exactly.
Another simple case is when the provided interface specifi-
cation inherits from the required interface specification.
However, to truly address the context independence and
evolvability properties of plug-and-play software, we can-
not restrict ourselves to these simple cases alone. Instead,
we must be able to analyze two arbitrary interfaces to es-
tablish whether one of them, as a provided interface, satis-
fies the specification of the other, as a required interface.
In this section we describe logical subtyping which we
introduce to analyze if two interfaces are bindable. For
more detailed discussions on the comparative merit of
inheritance versus analysis, we refer the reader to [11, 13,
21].

In cases where analysis fails, we may still be able to con-
nect two interfaces by inserting an adapter component
between them. An adapter supplies the exact required in-
terface needed, using the functionality offered by tie pro-
vided interface. Most importantly, an adapter template, a
partially complete adapter that can be completed by system
developers, can be generated automatically. This section
also discusses generation of adapter templates.

Logical Subtyping
We say that a specification Sj is a logical subtype of speci-
fication Sk if the objects satisfying Sj also satisfi &. Ob-
jects that belong to a logical subtype Sj can be substituted
for objects satisfying & transparently. For example, con-
sider an operation that requires a structure with two fields,
date and name, of type string. Logically, this operation
should work when given a structure with three fields, date,

name, and Id, of type string. Although the second struc-
ture has more fields, it has the two that are expected. Thus,
the replacement of the first structure by the second struc-
ture is transparent — the second structure is a logical sub-
type of the first. Similarly, a caller of an operation whose
precondition requires a parameter to be an integer greater
than 1 will be satisfied by an operation whose precondition
requires that the parameter be greater than O.

Our definition of logical subtyping combines structural
subtyping [8, 12] and behavioral subtyping [14]. We also
took inspiration from the concept of design by contract
[16] and from work on specification matching [33]. The
major elements of the structural subtyping relation, written
& are:

● Subtyping relation over basic types which includes

relationships such as short <, long and float <, dou-
ble.

● An extension over structures and interfaces is defined
recursively as follows: structure A is a subtype of
structure B (witten A <, B), if for any field a occurring
in B with a type T, there is also a field named a occur-
ring in A whose type is a subtype of T. The case for
interfaces is similar but quantification is over opera-
tions. (Interface attributes are treated as their corre-
sponding set and get operations.) To handle recursive
types, we assume that A is a subtype of B when making
the subtyping check over the fields (or operations) of
B.

● An extension over operations is also defined recur-
sively: operation f is a subtype of operation g if all in-
put pamneters off are super-types of the correspond-
ing input parameters of g, and all output parameters as
well as the return type of g are super-types of the cor-
responding parameters and the return type off In the
above definition, “corresponding” means that the pa-
rameters have the same name or else, they are at the
same position in the parameter list.

configuration CPPClient of Client { cotiiguration CPPApplication of Application {
property OS NT; CfPClient clientlnstance;
property language CPP; property name Application;

}; };

Figure 3. Configurationspecifications
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interface Policyl {
states {UnAuthorized(init), Authorized};
void Authorize(in string agent, in string password)

postcondition {Authorized;};
void ChangePremium(in string client_name, in long year, in double percent)

precondition {Authorized;};

};
interface Policy2 {

void ChangePremium(in string password,
in string client_name, in short year, in float percent);

};

Figure 4. Policyl is a structural subtype of Policy2

The structural subtyping relation is a simple and ei%cient
mechanism. It provides the flexibility needed to allow
binding of interfaces of independently developed compo-
nents. The provided interface, or a subset of it, must still
be a close match with the required interface, but it doesn’t
have to bean exact match. In particular it does not have to
be the same as or inherit the required interface specifica-
tion. An example of structural subtyping is given in Figure
4. In this example Policyl <, Policy2.

Structuralsubtyping,however, has limitations. It requires
the names of operations in the provided and required inter-
faces to be identical. Similarly, the names of fields in the
structures used in these interfaces must be identical. This
is a strong restriction. It is easy to imagine that different
developers will use different names for equivalent opera-
tions, arguments and results. Thus, a future area of work
would be to define appropriate generalization mechanisms
to lessen our dependency on name matching.

On the other hand, one can argue, that structural subtyping
is too permissible and may allow one to bind interfaces that
use identical names for different meanings. This could
become troublesome with a generalized name-matching
mechanism. To address this issue, we use a more con-
strained behavioral subtyping relation. Behavioral sub-
typing uses the structural subtyping as a base, but in addi-
tion uses semantic information such as preconditions and
postconditions of operations. Specifically, the following
constraints are added:

● Operation~is a subtype of operation g only if the pre-
condition of g implies the precondition of ~, and the
postcondition off together with the precondition of g
imply the postcondition of g.

● Interface A is a subtype of interface B only if the in-
variant of A are equivalent to the invariants of 1?,and
the protocol of B is a subset of the protocol of A; i.e.,
the sequences of operations accepted by B include the
sequences of operations accepted by A.

I
For instance, a behavioral subtyping check for the inter-
faces in Figure 4 would reveal the inconsistencies between
the protocols of the two interfaces.

One important difference between structural subtyping and
behavioral subtyping is that the latter is not a decidable
relation. Establishing logical implications as required in
the constraints above is an undecidable problem in general.
Nevertheless, approximate mechanisms exist and are often
sui%cient in practice. In our analysis tool, we use the
automated reasoning capability of the OITER system [31]
with some customizations.

Adapters
Adapters are needed in two cases. The first case is when
one component provides an interface whose specification is
a subtype of another component’s required interface, yet
we still cannot allow the two components to cornrmmicate
directly. For example, an operation that expects its first
parameter to be a floating-point number and its second
parameter to be an integer may be a subtype of an opera-
tion where the first parameter is an integer and the second a
floating-point number, However, before we invoke either
operation we need to get the parameters in the order as-
sumed by the operation’s implementation. In such cases
our analysis tool automatically generates tipters that
enable components to communicate. An adi.zpter is a com-
ponent that provides an interface identical to the required
interface, and is implemented using the provided interface.
For two interfaces that are in a logical subtyping relation-
ship, the role of the adapter is merely to forward the opera-
tion calls to the provided interface, and return the results,
after realizing whatever structural transformation is neces-
sary to make the operation call well-formed.

The second case is when the subtyping check fails, but
whatever partial success it had provides valuable informa-
tion on how to adapt the provided interface to satisfy the
required interface’s specification. Our analysis tool uses
this information to construct adapter templates. This is an
important side-effect of our tool. Even when it fails to
validate the binding of interfaces, it can partially build an
adapter for these interfaces. Suppose, that the subtyping
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check fails, but it reveals that most, let’s say nine out of
ten, of the operations of the required interface are supplied
by the provided interface. An adapter template generated
by the tool will support those nine required operations. It
is a simple matter to recognize for which operations and
attributes the subtyping check failed. For these operations,
and only these, we ask developers to provide the appropri-
ate code. In other words, a template will implement the
required operations using the provided interface when pos-
sible, and for operations for which the subtyping check
failed, it will rely on developers to fill-in implementations.

In summary, we establish the validity of binding two inter-
faces using structural and behavioral analysis of their
specifications instead of using merely a class-inspired in-
heritance relationship. This gives us the flexibility needed
to allow components to be developed or maintained inde-
pendently. Further, our analysis tool is used to completely
or partially build adapters for interfaces that cannot be
bound directly.

COMPONENT INTEGRATION
Component integration addresses two issues: (i) packaging
components so that they can be connected at run-time, and
(ii) connecting, disconnecting and re-connecting compo-
nents at run-time. This section describes our approach to
handling these issues and explains how that supports soft-
ware plug-and-play.

Components must be “packaged” into executable in such a
way that they can inter-operate with the other components
to which they are connected [7]. For example, packaging a
component for CORBA requires a skeleton and a stub.
The skeleton connects the component’s application logic to
the middleware, while the stub connects component clients
to the middleware and thus, indirectly, to the skeleton. We
have built a tool, called the Packager, which determines
how to package components. Simply put, the Packager:

1. analyzes a component-based architecture specification
written in ASL to determine if consistent packages are
feasible,

2. selects a manufacturing plan for generating the pack-
ages based on what is feasible, and

3. outputs instructions for executing the plan.

That which is “feasible” is changing rapidly, For example,
Andersen Consulting as a technology integrator builds
systems using a variety of market solutions. Although
tools like C++, COIWOLE [19], and CORBA are becom-
ing common practice, new ones like Java Beans [30], D-
COM [3] and ActiveX [20] soon follow. Our approach to
the rapidly changing technology problem is to treat it as a
given, rather than attempt to design a new implementation
language or middleware layer. Thus, a major requirement
is that the Packager be easy to modify.

Input to the Packager is a set of configuration specifica-
tions and the bindings between the corresponding compo-
nents. Configuration specifications, described earlier, de-
fine properties of component implementations, and thus
constrain how components may be packaged. Bindings
further constrain packages since bound components must
inter-operate.

Not all packages are feasible. For example, executing a
Visual Basic component under Windows NT on a Sun Ul-
traSPARC machine is not. Similarly, connecting CORBA
and OLE components has limitations, depending on which
CORBA and OLE products one decides to use. The con-
figuration properties that affect our Packager the most are
(1) programming language, (2) object model (e.g.,
CORBA, COM, and OLE automation), and (3) middle-
ware. Architects may also set operating system and ma-
chine type (e.g., Intel 386 or SPARC) properties. Of
course, all these properties are related since, for example,
not all programming languages are available for all mid-
dleware tools.

Usually there are also many feasible manufacturing plans
for an architecture. Differences between plans can range
from low-level details like the number of object files gen-
erated, to high-level concerns such as the number of work-
stations needed to deploy a system. When these differ-
ences are multiplied, the number of feasible manufacturing
plans grows rapidly. Indeed, combinatorial explosions
often occur. Picking one plan over another is often sub-
jective, or based on project-specific criteria. In most cases,
there is no one “best” plan.

Given the combinatorics of finding packages, the fact that
there is no optimal solution for most architectures, and the
ever-changing tools market, we built the knowledge of our
Packager using an expert system rule-base. Some of the
rules define what is feasible by defining manufacturing
capabilities. A manufacturing capability describes one
tool (or one aspect of a tool) by constraining its inputs and
defining its outputs. For example, a C++ compiler takes
any number of C++ source files and generates object files,
and a linker for C and C++ takes any number of object
files, containing one and only one “main” function, and
generates an executable. Other rules in the rule-base de-
fine user or project preferences, such as the prefemed pro-
gramming language, or whether to minimize the number of
component implementations per executable. The expert
system searches for manufacturing plans by repeatedly
applying manufacturing capabilities, and picks one plan if
multiple plans are possible. In effect, the Packager or-
chestrates the application of tools.

An example of a manufacturing plan is partially shown in
Figure 5. This manufacturing plan is for an architecture
containing a CORBA-based C++ server and an OLE-based
Visual Basic client. The boxes represent tool invocations
and the labels represent files. as12idl is a tool that we de-

24



)==
x.s.cpp ~ x.s.obj . . .

“PP + ‘ObJ ‘mo

‘as’ -@II- ‘id’L d
x_O.cpp ¤~m

ifrpal x_o.if r
.

olegen .
.

Figure 5. A manufacturingplangenerated by the Packager

veloped that maps ASL specifications to CORBA IDL.
idle is a commercially available tool that maps IDL to C++
code. cl is a C++ compiler. ifrpal creates interface re-
pository files, and olegen generates OLE type libraries (tlb
files) and OLE proxies for CORBA objects. Currently we
output manufacturing plans in the form of make-files.

Our rule-based approach supports context independence by
automating the search for a manufacturing plan. For ex-
ample, suppose two components are initially implemented
in C++ and share a process. Later, we replace one of them
with a Smalltalk component. If Smslltrdk and C++ cannot
share a process, we simply derive a new manufacturing
plan that creates separate processes. Location transparency
and heterogeneity are supported by utilizing middleware
that provides these features.

As new, commercial tools become available, their manu-
facturing capabilities are added to the rule-base. Occa-
sionally we do need to build some custom tools (e.g.,
as12idl) to bridge gapsbetween commercial tools. By us-
ing a rule-base to derive manufacturing plans, we can build
small tools that do simple things well. The rule-base then
orchestrates the new tools, together with others tools, to
generate manufacturing plans that were not previously fea-
sible.3

The second aspect of component integration is run-time
integration. Our run-time requirements mainly have to do
with binding the provided and required interfaces of com-
ponents. Components that have required interfaces need to
obtain an object that implements the interface. Similarly,
components that provide an interface need to make it avail-
able. In simple, static systems, bindings may occur at start-
up time as component instances are created. To replace a
component or extend the architecture, the system is simply
brought down, reconfigured, and restarted.

3It is AndersenConsulting’sexperiencethat mid-sizedexpert
systemsthemselvesare quitemaintainable.

Many systems are not so static and shutting down a widely
distributed, mission critical system may be a formidable
task. Also, in many client-server architectures the signifi-
cance of creating a component instance varies greatly de-
pending on the component. For example, a client instance
might be created on each workstation as users log-in each
morning, or clients might be short-lived and started by a
World Wide Web browser. While small, stateless servers
may be also short lived and created on demand, large, data-
rich servers often are only started or stopped manually, due
to the large number of users affected by such an event.

To support extensibility, components may be replaced and
the architecture may be extended while a system is running.
Our approach to this is a simple and pragmatic one. Com-
ponents (clients) requiring an interface call a middleware
service to locate servers. Clients maintain a reference to
servers as long as they like. Servers may be safely re-
placed when no client has a reference to it. In this ap-
proach, we simply allow the client to decide when to look-
up the server (and thus potentially obtain a newer revision)
and when to release it. We do not require all clients to use
some, possibly expensive, locking mechanisms such as a
transaction monitor. The implementation of this run-time
service will vary with specific products. For example,
OMG’S factory-finders [24] and trader services [25] were
designed for this purpose. Commercial implementations of
these services are becoming available.

ARCHITECTURE DESIGN ENVIRONMENT:
PULLING EVERYTHING TOGETHER
The previous sections introduced some of the key concepts
and technologies we have been working on and discussed
why they are important to plug-and-play sofiware. This
section attempts to pull all the material together by using a
scenario to describe the Architecture Design Environment
(ADE) developed by the CBSE project team.

The primary user of the ADE is a system architect, whose
main responsibility is to understand the functional and
technical requirements of the system and develop a system
architecture that meets these requirements. We will use a
scenario consistent with the ASL examples given in second
section. The architect wishes to design a simple client-
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Figure 6. Windows in the Architecture Design Environment (ADE)

server system for an insurance company. The system con-
sists of three components which we will refer to as Client,
Server and Application. The Client requires an interfaee
that provides information on insurance policies and the
Server provides one. The Client and Server are atomic
components. The Application is a composite component
containing an instance of Client and an instance of Server,
and it binds the two component instances together.

Once the ADE has been started, the architect has two op-
tions: (1) use a text editor to write an ASL specification, or
(2) enter it interactively through the ADE’s GUI front-end
using its icons, buttons and drag-and-drop features. It is
possible to mix both modes if desired. Let us assume that
there is a standard Policy interface available which has
been specified using OMG IDL4. As IDL is a subset of
ASL, the architect can import the IDL file containing the
Policy specification.

Now that the architect has acquired the Policy interface she
may use it as she sees fit. Realizing that the interface does
not completely satisfy the system’s requirements, she ex-

4This is not an unreasonable assumption givencurrentstandardi-
zationeffortsfor BusinessObjectswithinthe OMG.

tends the interface using inheritance by selecting the inter-
face button in ADE and entering the relevant information,
such as name (lmprovedPolicy) and the inheritance rela-
tionship with Policy. She then proceeds to add an
Authorize and an IncreasePremium operation using drag
and drop gestures supported by the environment. She also
adds information on states, preconditions and postcondi-
tions, resulting in the specification shown in Figure 1.

Figure 6 shows ADE at the point where the architect has
created the components, component instances and the nec-
essary bindings. The window in the upper-left corner is
called a Specification Navigator. In this window, the ar-
chitect can create and browse specification objects such as
interfaces, components, and their instances. A directory
tree metaphor is used to help the architect navigate through
the specification structure. Every specification object has
an associated Property Window (see upper-right window)
that can be used to view or edit information. The text win-
dow partially shown below the Property Window contains
the IDL representation of the Policy interface. While the
Specification Navigator window is useful to quickly trav-
erse a specification, it is limited in that it only shows con-
tainment relationships. The General Diagram window
(under the Specification Navigator window) does not have
this limitation, as it can show all the relationships between
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specification objects of interest. In order to avoid a clut-
tered diagram, the architect may use the Filter button to
select the types of objects and relationships to be shown.
The General Diagram in Figure 6 shows five object types:
inte~aces (Policy and ImprovedPolicy), provided inter-

faces (two instances of provided Policy), required inter-
faces (two instances of requiredPolicy), components
(composite component Application, atomic components
Client and Server), and component instances
(clientInstance and serverlnstance). It also shows four
types of relationships: inheritance (triangle), containment
(polygon), instantiation (filled polygon), and binding (the
straight line between the required and provided interfaces
of clientlnstance and serverlnstance). At the bottom of
the ADE screen there is an information window showing a
history of user-triggered operations and informational mes-
sages.

Now that the architect has described the architecture, she is
ready to make configuration decisions to be used by the
Packager. In this example, she uses ADE to specify a few
properties related to implementation language, naming and
operating system. An ASL representation of these configu-
rations was given in Figure 3. Finally the developer in-
vokes the Packager which generates the necessary plat-
form- and rniddleware-specific files. These include: OMG
IDL files, C++ files and makefsles. However, the applica-
tion logic of the components is still missing as the architect
is not reusing any existing components in this scenario.
The team responsible for component implementation
should insert the necessary code into the code skeletons
generated by the Packager.

To continue the scenario, suppose that a new component
supporting the Policy interface is introduced to the market.
While it does not provide the ImprovedPolicy interface
the architect would prefer, it does perform much better
under heavy loads and using it would significantly increase
system throughput. ADE’s interface analysis tool goes a
long way toward assisting the system architect in this
situation. The architect can import the new component,
NewServer, create a new instance of it within the Appli-
cation componentand then let the analysis tool compare
the required interface of clientInstance to the provided
interface of newServerlnstance. An adapter component
and a partial implementation of it would be automatically
generated.

RELATED WORK AND SUMMARY
Naturally, CBSE is not the only project studying technolo-
gies that enable software plug-and-play. In previous sec-
tions, we mentioned a number of related projects. In sum-
mary, the projects that are most influential to our work are
the following. Some work focuses on the runtime envi-
ronments necessary to support and connect components
distributed throughout a network. These include Polylith
[28] and Regis [15]. These projects also involve research

on advanced configuration languages (MIL in Polylith and
Darwin in Regis) to complement the runtime systems.
These configuration languages allow the dynamic instim-
tiation and movement of components throughout a net-
work, as well as specifying the connections between differ-
ent components.

Another area of research in component integration is sofi-
ware packaging. The most representative work in this area
is the software packager developed at the University of
Maryland by Callahan and Purtilo [6, 7]. (Purtilo is also a
consulting member of the CBSE project team.) This pack-
ager automatically determines how to integrate a diverse
collection of software components based on their types and
the capabilities of integration tools available in the envi-
ronment.

The architecture of software systems is another related
area of research. Projects in this area include UniCon [29],
and Wright [1]. These projects study the various types or
roles that components and bindings can have in the archi-
tecture of a system. In particular, a formal framework for
specifying component interconnections is defined for
Wright. The key idea of their approach is a definition of
architectural connectors in terms of a collection of proto-
cols that characterize participant’s roles in an interaction.
They also show how interconnection compatibility can be
checked based on semantic information.

While the concepts related to software plug-and-play have
been under research for many years, the need for real plug-
-and-playcapability is just starting to be felt in the market-
place. The tools supporting such capabilities have yet to
emerge and mature. On the other hand, there are already
technologies, especially middleware, that are widely ac-
cepted by the software development practice and can po-
tentially be used to address certain aspects of component-
based development.

The focus of this paper has been on how to leverage and
build upon capabilities offered by object middleware such
as CORBA and OLE. In particular, the paper focused on
three technology pieces:

1.

2.

A component-based architecture model. Central to this
model are the ideas of provided and required interfaces,
binding or interconnection of components, and system
configuration. An architecture specification language
(ASL), which extends CORBA IDL and uses
OLEJCOM’S multiple interface concept, has been de-
veloped to support this model.

A component specification analysis tool. Architecture
design decisions need to be verified before they are
committed into implementation. We developed a tool
that cheeks the compatibility of interfaces between
components and generates adapters to bridge incom-
patible interfaces.
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3, A component integration tool (the Packager). This tool
offers capabilities to transform abstract component-
based architecture specifications into executable code
that can run on distributed communication infrastruc-
tures such as CORBA or OLE. The automation support
provided by the Packager reduces skill requirements in
building distributed and heterogeneous systems from
components.

We also described ADE, a tool that ties the above technol-
ogy pieces together under a graphical, interactive, and
user-oriented environment. Prototype versions of the tools
have been completed. We are currently in the process of
testing and enhancing them, and verifying our design as-
sumptions.

CBSE research and technology development is still in an
infancy stage. We recognize that there are a number of
additional issues that must be addressed before software
plug-and-play is ready to make a real, practical impact.
Our future research will primarily focus on the following
two areas:

●

●

Process support. CBSE promotes a new paradigm for
building software systems. It emphasizes explicit rep-
resentation of many new concepts such as interfaces,
components, and architectures. Conventional software
development models, methodologies, and processes
will have to be enhanced to fit this new paradigm. For
example, a developer would need process guidance in
recognizing components from requirements, just as one
has to know how to identify classes and objects in an
object-oriented analysis phase. A more detailed discus-
sion on CBSE process issues can be found in [22].

Dealing with other architectural models and styles.
The component model described in this paper is most
appropriate for developing static configuration-based,
client-server systems. Our initial experience with sys-
tems that Andersen built for our telecommunication cli-
ents suggests that it is not always realistic to determine,
and therefore specify, bindings between components at
system construction-time. In many cases, bindings can
only be resolved dynamically at run-time based on cer-
tain run-time constraints and events. Further, the emer-
gence of new architecture and configuration styles such

as mobile computing and Internet-based computing
pose new challenges.
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