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ABSTRACT

In large software systems the identificaion and proper
management of interdependencies among the pieces of a
system bemmes a ceitral concern. Nevertheless most
traditional programming langueges and tools focus on
representing components, leaving the description and
management of interdependencies among components
implicit, or distributed among the cmmponents. This paper
identifies a number of problems with this approach and
proposes a new perspedive for designing software, which
elevates the representation and management of component
interdependencies to a distinct design problem. A core
element of the perspedive is the development of design
handbods, which caaogue the most common kinds of
interconnedion relationships encountered in software
systems, as well as sts of dternative @ordination
protocols for managing them. The paper presents
SYNTHESIS, a software development environment based on
this perspedive. A number of experiments performed using
SYNTHESIS as well as ome diredions for future reseach
are discussed.
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application. In the rest of the paper, we will use the term
dependencies to refer to interconnedion relationships and
constraints among components of a software system.

As design moves closer to implementation, current design
and programming toadls increasingly focus on components,
leaving the description of interdependencies among
components implicit, and the implementation of protocols
for managing them fragmented and dstributed in various
parts of the system. At the implementation level, software
systems are sets of source and exeautable modulesin one or
more programming languages. Although modules come
under a variety of names (procedures, padkages, objeds,
clusters etc.), they are dl essntially abstradions for
components.

Most programming languages diredly suppat a small set of
primitive interconnedion medhanisms, such as procedure
cdls, method invocetion, shared variables, etc. Such
mechanisms are not sufficient for managing more cmplex
dependencies that are commonplace in today's ©ftware
systems. Complex dependencies require the introduction of
more mplex managing protocols, typicdly comprising
several lines of code (for example, the existence of a shared
resource dependency might require a distributed mutual
exclusion protocol). By faling to suppat separate

software architecture, software reuse, coordination protocol apstractions for representing such complex protocols,

INTRODUCTION

In large software systems the identification and proper
management  of  interconnedion relationships and
constraints among various pieces of a system has become
responsible for an increasingy important part of the
development effort. In many cases, the design, testing, and
maintenance of protocols for managing communication,
resource sharing, synchronization and aher such
interconnedion relationships takes far more time and eff ort
than the development of the cre functiona pieces of an

current programming languages force programmers to
distribute ad embed them inside the interading
components [20] (Figure 1). Furthermore, the ladk of means
for representing dependencies and protocols for managing
them has resulted in a orresponding ladk of theories and
systematic taxonomies of interconnedion relationships and
ways of managing them.

This expressve shortcoming of current langueges and tools
is diredly conneded to a number of pradicd problems in
software design:
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« Discontinuity between architecural and implementation
models. There is currently a gap between architecural
representations of software systems (sets of adivities
explicitly conneded throughrich vocabularies of informal
relationships) and implementation-level descriptions of
the same systems (sets of modules implicitly conneded
through defines/uses relationships).

Difficulties in apgication maintenance By not providing
abstradions  for locdizing information  about
dependencies, current langueges force programmers to
distribute the protocols for managing them in a number of
different places inside aprogram. Therefore, in order to
understand or modify a protocol, programmers have to
look at many places in the program.

Difficulties in comporent reuse. Components written in
today’s programming languages inevitably contain some
fragments of coordination protocols from their original
development environments. Such fragments ad as
undocumented assumptions about the structure of the
applicaion where such components will be used. When
attempting to reuse such a mponent in a new
environment, such asaumptions might not match the
interdependency patterns of the target application. In
order to ensure interoperability, the origina assumptions
then have to be identified, and subsequently replaced o
bridged with the valid asamptions for the target
applicaion. In many cases this requires extensive wde
modificdions or the introduction of addtiona code
around the component.

The preceding discusson forms the motivation for the rest
of the paper. As a response to the problems identified in
this dion, we introduce the principles of our coordination
perspedive on software system design. Following that, we
describe SYNTHESIS, a prototype software development
environment which embodes the principles of the
coordination perspedive. We present our experience with
using SYNTHESIS to fadlitate software reuse. We discuss
related work, describe some future diredions of the projed,
and comwlude the paper with a summary of our findings.

A COORDINATION PERSPECTIVE ON

SOFTWARE SYSTEM DESIGN

The pradicd problems discussed in the previous ®dion are
rooted in the fallure of most current programming
languages and methodd ogies to reagnize the identification
and management of dependencies among software
components as a design problem in its own right. This
shortcoming trandates to inadequate suppat for making
interconnedion assumptions embedded inside cmponents
more eplicit, inability to locdize information about
interconnedion protocols, and a lak of theories and
systematic taxonomies of software interconnedion
relationships and ways of managing them.
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module main()
module generate ( PIPE pw ) { module process( PIPE pr )
{

open_pipe( pwrite, pread );
write( pw, data); read( pr, data);
generate( pwrite );
close( pw); close( pr);
process( pread );
}

Figure 1: Implementation languags often force the
distribution d coordination protocols among several code
modues. In this example, the implementation code of a
pipe protocol for managng asingle data flow dependency
has been distributed among three code modules

As a response to this stuation, this paper proposes a hew
perspedive for representing and implementing software
systems. Unlike arrent pradice this perspedive
emphasizes the explicit representation and management of

dependencies among software activities as distinct entities.

The perspediveis based on the ideas of coordination theory
[12] and the Process Handbodk projed [3,11]. In
acordance with Malone and Crowston [12], we define
coordination as the a¢ of managing dependencies among
adivities. In this case, the adivities we ae concerned with
are software cmponents. We will also use the term
coordination processor protocol to describe the alditional
code introduced into a software system as a result of
managing some dependency. Using these definitions, the
principles of our coordination perspedive on software
system design can be stated as follows:

e Explicitly represent software dependencies. Software
systems sould be described using representations that
clealy separate the re functional pieces of an
application from their interdependencies, providing
distinct abstractions for each.

» Build design handboks of comporent integration. The
field knowledge on component integration should be
organized in systematic taxonomies that provide guidance
to designers and fadlitate the generation of new
knowledge. Such taxonomies will caaogue the most
common kinds of interconnedion relationships
encourtered in pradice For ead relationship, they will
contain sets of aternative wordination protocols for
managing it. In that way, they can form the basis for
design handbo&s of comporent integration, similar to
the well -establi shed handbodks that assst design in more
mature engineering disciplines.

The long-term goal of this research is to develop concrete
software development tools and methoddogies based on
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Figure 2: Representation d a simple file \vewer
application usingSYNOPSIS

the principles gated above, and to demonstrate that such
methoddogies provide pradicd benefits in the initia
development, maintenance, and reuse of software systems.
A crucial part of our efforts revolves around the definition
of useful taxonomies of dependencies and coordination
protocols and the organizaion of that knowledge in on-line
repositories that can then asdst or even automate the
integration of the different parts of a system into a wherent
whole. The rest of the paper describes our acampli shments

and experience so far, as well as our plans for the future.

THE SYNTHESIS APPLICATION DEVELOPMENT
ENVIRONMENT

The cordination perspedive on software design introduced
in the previous ®dion has been reduced to pradice by
building SYNTHESIS, a prototype gplicaion development
environment based on its principles. This ®dion is devoted
to a brief description of the SYNTHESIS system. A more
detailed description can be found in [4].

The aurrent implementation of SYNTHESIS runs under the
Microsoft Windows 3.1 and Windows 95 operating
systems.  SYNTHESIS itself has been implemented by
composing a set of components developed using diff erent
environments (Intelli corp's Kappa-PC, Microsoft's Visua
Basic, andShapeware'¥isio).

SYNTHESIS consists of three elements:
» SYNOPSIS a software architecture description language

e an on-line “design randbodk” of dependencies and
associated coordinatigrotocols

 adesign asgstant which generates exeautable gplications
by successve spedalizaions of their SyNOPSS
description

SYNOPsIS: A Softwar e Ar chitecture Description
Language
SYNOPSS suppats graphicd descriptions of software

application architedures at both the spedficaion and the
implementation level.

It provides sparate languege antities for representing
software activities and dependencies. SYNOPSS language
elements are @nneded together through ports. Ports
provide a genera mechanism for representing abstrad
component interfaces. All elements of the language can
contain an arbitrary number of attributes. Attributes encode
additional properties of the dement, as wel as
compatibility criteria that constrain its connedion to ather
elements. For example, Figue 2 shows the SyNoPss
description of a simple software system.

SyNoPSS provides two mechanisms for abstradion:
Demmpasition all ows new entities to be defined as patterns
of simpler ones. It enables the naming, storage, and reuse of
designs at the achitedural level. Spedalization al ows new
entities to be defined as variations of other existing entities.
Spedali zed entiti es inherit the decomposition and attributes
of their parents and can differentiate themselves by
modifying any of those dements. Spedalization enables the
incremental generation of new designs from existing ones,
as well as the organization of related designs in concise
hierarchies. Finaly, it enables the representation of reusable
software achitedures at various levels of abstradion (from
very generic to very specific).

Activities

Activities represent the main functional pieces of an
application. They own a set of ports, through which they
interconned with the rest of the system. Ports usualy
represent interfaces through which resources are produced
and consumed by various adivities. Activities are defined
as s of attributes which describe their core function and
their capabiliti es to interconned with the rest of the system.
The two most important activity attributes are:

« An (optional) decomposition. Decompostions are
patterns of simpler adivities and dependencies which
implement the functionality intended by the cmposite
activity.

Component “Select Files” IsA Procedure

Provides:
proc select_files();
Expects:

proc view_selected_files(in codenum:Integer);

Select
Files

codenum

(Integer) Source Files:
\fviewer\select.c

Attributes:

Language = ¢

End Component

Figure 3: Example of an aomic activity and its associated
code-level component description
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Figure 4: SvNOPSS representation d a daa flow
dependency and its asociated pipe transfer coordination
protocol.

« An (optional) comporent description. Component
descriptions asociate SYNOPSS adivities with code-level
components which implement their intended functionality.
Examples of code-level components include source ®de
modules, exeautable programs, network servers, etc.
SYNOPSS provides a speda notation for describing the
properties of software mponents assciated with
exeautable adivities. Such properties include the
component kind, the provided and expeded interfaces of
the component, source and oljed files needed by the
component, etqFigure 3)

Depending on the values of the @ove two attributes,
activities are distinguished as follows:

* Atomic or Composite. Atomic adivities have no
decompasition. Composite adivities are asociated with a
demmposition into  petterns of adivities and
dependencies.

» Exeautable or Generic. Exeautable adivities are defined
at a level predse enough to allow their trandation into
exeautable cde. Activities are exeautable dther if they
are ssciated with a component description, or if they are
composite and every element in their decomposition is
exeautable. Activities which are not exeautable ae cdled
generic. To generate an exeautable implementation, all
generic adivities must be replacal by appropriate
executablespecializations.

Dependencies
Dependencies describe interconnedion relationships and
constraints among adivities. Like adivities, dependencies
are defined as sts of attributes. The most important
attributes are:

* An (optional) decomposition into patterns of simpler
dependencies that colledively spedfy the same
relationshipasthe composite dependency.

« An (optional) coordination protocol. Coordination
protocols are patterns of simpler dependencies and
adivities that describe a medchanism for managing the
relationship or constraint implied by the dependency
(Figure 4)

¢ An (optional) association with a software @nredor.
Connedors are low-level medhanisms for interconneding
software @mponents that are diredly supparted by
programming languages and operating systems. Examples
include procedure cdls, method invocdions, shared
memory, etc.

In a manner similar to adivities, dependencies are
distingushed into atomic or composite, exeautable or
generic.

Specialization

Objed-oriented languages provide the medhanism of
inheritance to fadlit ate the incremental generation of new
objeds as spedali zaions of existing ones, and also to help
organize ad relate similar objed clases. SyNOPSS
provides an analogous medanism cdled entity
spedalization. Spedalization applies to all the dements of
the languege, and allows new entities to be aeaed as
spedal cases of existing ones. Spedalized entities inherit
the decomposition and aher attributes of their parents.
They can differentiate themselves from their spedalization
parents by modifying their structure and attributes using the
operations described below. Entity spedalization is based
on the mechanism of process edadlization that was first
introduced by the Process Handbook project [3, 11].

The mecdhanism of entity spedalization enables the aedion
of spedalizaion hierarchies for adivities, dependencies,
ports, and coordination protocols. Such herarchies are
analogous to the dass hierarchies of objed-oriented
systems. In spedalization hierarchies, generic designs form
the roots of spedalizaion trees, consisting of increasingy
spedalized, but related designs. The leds of spedalization
trees usualy represent design elements that are spedfic
enough to be translated into executable code (Figure

GENERIC EXECUTABLE

[ Increasingly specialized Coordination Processes >

Semaphore
Signaling in
UNIX

Use
Semaphore
Signaling

Synchronization Semaphore
Signaling in

0s/2

Manage
Prerequisite
Dependency

Create File
upon
Termination

Precedent
Calls
Consequent

Execution

Generic
Process Environment

DESIGN
DIMENSION:

’Type of Event

Figure 5: A hierarchy of prerequisite dependencies with
increasingly specializedssociated coordination protocols.



A design handbook of software component

inter connection

SYNTHESIS contains our initial version of a handbodk of
dependencies and coordination protocols commonly
encountered in software systems. The prototype handbod
is gored on-line & a hierarchy of increasingy spedalized
SYNOPSS dependency entities. An entity browser interface
(similar to class browsers of objed-oriented systems) is

available for navigation and selection of handbook entries.

An important dedsion in making a taxonomy of software
interconnedion is the dice of the generic dependency
types. If we ae to tred software interconnedion as an
orthogonal problem to that of designing the cre functiona
components of an applicdion, dependencies among
components dould represent relationships which are dso
orthogonal to the functional domain of an application.
Fortunately, this requirement is consistent with the nature of
most interconnedion problems. Whether our application is
controlli ng inventory or driving a nuclea submarine, most
problems related to conneding its components together are
related to a relatively narrow set of concepts, such as
resource flows, resource sharing, and timing dependencies.
The design of associated coordination protocols involves a
similarly narrow set of mechanisms sich as dhared events,
invocation mechanisms, and communication protocols.

The prototype handbod is based on the simple asaumption
that software component interdependencies are explicitly or
implicitly related to petterns of resource production and
usage. Beginning from this asaumption, we have defined a
number of useful dependency famili esin a way independent
of the gplication context where they might be used.

Dependency families represented in the handbook include:

e Flow dependencies. Flow dependencies represent
relationships between producers and consumers of
resources. They are spedalized acmrding to the kind o
resource, the number of producers, the number of
consumers, etc. Coordination protocols for managing
flows demmpose into protocols which ensure
accesshility of the resource by the mnsumers (usually by
physicdly transporting it aaoss a @mmunicaion
medium), usability of the resource (usually by performing
appropriate data format conversions), as well as
synchronization between producers and consumers.

» Shaing degpendencies. They encode relationships among
consumers who use the same resource Sharing
dependencies are spedalized acmrding to the sharing
properties of the resource in use (divisbility,
consumability, concurrency). Coordination protocols for
sharing dependencies ensure proper enforcement of the
sharing properties, usualy by dividing a resource anong
competing wers, or by enforcing mutual exclusion

protocols.

e Timing dependencies. Timing dependencies express
constraints on the relative flow of control among a set of
adivities. Examples include prerequisite dependencies
and mutual exdusion dependencies. Timing dependencies
are used to spedfy applicaion-spedfic cooperation
patterns among adiviti es which share the same resources.
They are dso used in the decomposition of coordination
protocols for flow and sharing dependencies.

A detailed description of the contents of the prototype
handbook can be found in [4].

SYNTHESIS Design Assistant

The design methoddogy suppated by SYNTHESIS uses
SYNOPSS descriptions in order to bah spedfy and
implement software systems. SYNTHESIS supparts a process
for generating exeautable systems by successve
spedalization of their SYNOPSS descriptions. The process
is simmarized in Figure 6. As can be seen, the existence of
on-line design handbocks of adivities and dependencies
can assist, and often automate, parts of the process.

The design processcan be austomized in a variety of ways:
Designers can manudly seled eath new element to be
managed, rather than follow the ordering of the to-do list.
They can optionally input an evaluation function that helps
the system perform an automatic ranking and seledion of
compatible candidates. Furthermore, successve
transformations of the original applicaion diagram (stored

Place all generic* application
elements in To-Do list

es Generate
Code

v
Extract next generic element If no compatible specialization
from To-Do list exists then ask user to provide

i S one
Examine all specializations of

generic element present in
design repository
¥

|
| If one or more compatible
specializations exist then ask
user to manually select from
among them**

Replace generic element with
selected specialization

1

Scan decomposition of
replacing element and place all
generic elements found in To-

Do list

generic elements are design elements not specified precisely
enough for code to be generated from them automatically

* candidate ranking and selection can optionally be done
automatically, by means of a user-supplied evaluation function

Figure 6: SKketch of an dgorithm used by SYNTHESS to
generate  exeatable apgications by successve
specializations of theiByNoPSsIlescriptions.
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as composite adivities) can optionaly be stored as
successve spedalizaions in the adivity hierarchy. The
system can thus ke a design hstory, which alows
designers to easily badktradk to a previous gage of the
design and choose adifferent design path. In that manner,
exploratory design and maintenance of alternative
implementations can be facilitated.

Figure 7 shows the layout of SYNTHESIS windows during
design. The SyNnoPSS deacompasition editor (in the lower
half of the screen) displays the airrent state of the
architedural diagram and updates it automaticaly whenever
a new transformation (replacament of adivity or
management of dependency) takes place The entity
browser (in the upper left part of the screen) is used for
displaying and seleding compatible spedalizaions for
applicaion design elements. Finaly, the design manager
window (in the upper right part of the screen), summarizes
the status of the design processand all ows users to control
its parameters.

USING SYNTHESISTO FACILITATE COMPONENT -
BASED SOFTWARE DEVELOPMENT

The first domain where we tested the pradicd advantages
of our coordination perspedive on software system design
is the development of new applicaions by integrating
existing software components. This dion describes the
experience gained by using SYNTHESIS to fadlitate the

reuse of existing software components in new applications

One of the important pradicd difficulties of building rew
systems by reusing existing parts liesin the anourt of effort
required in order to bridge mismatches among components.
In most cases, some alditional “glue cde” needs to be
added to integrate dl the independently written software
pieces into a wherent applicaion [5]. An application
development tool based on the principles of our

coordination perspedive on software design hes the
patential of helping aleviate the difficulty of component
integration by separating the representation of adivities and
dependencies, locdizing information related to
coordination protocols, and providing frameworks of
common dependencies and coordinaiostocols

To test this claim, we have used SYNTHESIS in order to
build a set of test applicaions by reusing independently
written pieces of software. Each experiment consisted in:

« describing a test application aSavoprsisdiagram

e seleding a set of components exhibiting various
mismatches to implement activities

e using SYNTHESIS and its repository of dependencies in
order to integrate the seleded components into an
executable system

« exploring alternative exeautable implementations based
on the same set of components

The experiments are described in full detail in [4]. Table 1
provides a brief summary

Experiment 1 consisted in building a simple File Viewer
application by combining a commercial text editor and
pieces of code written in C and Visua Basic. It
demonstrated that the system is able to resolve low-level
problems of interoperability, such as incompatibiliti es in
programming langueges, data types, procedure names, and
control flow paradigms. It has also shown how the system
can fadlitate the exploratory design of alternative
component organizations.

Experiment 2 investigated 9 dfferent ways of building an
indexing system by various combinations of server and
UNIX filter components (Table 2). It provided pasitive
evidence for the aility of the system to resolve
architedural mismatches, that is, different assumptions
about the structure of the goplicaion in which they will be
used. It also demonstrated that the overal architedure of an
application can be spedfied to alarge extent independently
of the implementation of any individual component, by
appropriate selection of coordination processes.

Experiment 3 combined the standard components of the

TeX document typesetting system in a WYSIWYG
application. It tested the power of SynopSs and our
propcsed vocabulary of dependencies in expressng ron-
trivial application architectures.

Finally, Experiment 4 attempted to build a collaborative
editor by extending the functionality of an existing text
editor. It investigated the usefulness of the system in
asssting the rapid development of applications for multiple
platforms. It demonstrated that diff erent implementations of
the same eplicaion, suitable for different exeaution



Experiment Description Components Results
File Viewer A simple system which | User interface omporent written in | SYNTHESIS integrated comporents suggesting two
retrieves and dsplays| C; filename retrieval comporent | aternative organizaions (client/server, implicit
the ontents of user- | written in Visua Basic; file display | invocaion); al necessry coordination code was
selected files. comporent implemented  using | automatically generated in both cases.
commercial text editor.
Key Word in | A system that produces a | Two aternative implementations for | 3  different combinations of filter and server
Context lising of all circular [ eady comporent (both written in C): | implementations were eab integrated in 3 dfferent
shiftsof al input linesin | as a server and as a UNIX filter. | organizaions (see Table 2). SYNTHESIS generated
alphabetical ordef18]. most coordination code; users had to manualy write
16 lines of code in 2 cases
Interactive A system that integrates | Standard exeautable amporents of | Target application was completely described in
TEX the standard comporents | TEX system. SyNOPSS. SYNTHESIS was able to generate
of the TEX document coordination code automatically.
typesetting system in a
WYSIWYG ensemble.
Collaborative | A system which extends | Micro-Emacs [10] source @de was | Same system description was fedaized in two
Editor the functiondity of [used to implement single-user | different ways to generate micro-Emacs-based group
existing single user | editor. editors for Windows and UNIX.
editors  with  group
editing capabilitieg7].

Table 1: Sunmary of experiments of using SYNTHES'S to facilit ate the integration d exsting software cmporentsin new

applications.

environments, can be generated from the same, partialy
spedalized SyNoOPSS system description, by seleding
different  coordination proceses for  managing
dependencies.

Overall, our experiments provided pasitive evidencefor the
principal pradicd claims of the gproach. The evidence
can be summarized as follows:

» Suppot for code-leved software reuse: SYNTHESIS was
able to resolve a wide range of interoperability and
architedural mismatches and succesdully integrate
independently developed components into al four test
applicaions, with minimal or no need for user-written
coordination software.

Suppot for reuse of software architedures. SYNTHESIS
was able to reuse a onfiguration-independent SYNOPSS
description of a mllaborative aitor and the source @de
of an existing single user editor, in order to generate
collaborative dlitor exeautables for two dfferent
execution environments (UNIX and Windows).

Insight into alternative software architedures: SYNTHESIS
was able to suggest a variety of alternative overall
architedures for integrating ead test set of code-level
components into its corresponding applicaion, thus
helping designers explore alternative designs.

RELATED WORK
The ideas expressd in this work are most closely related to

research in coordination theory and architecture description
languages. Recat efforts to build open software
architedures are an interesting, but contrasting, approach
for achieving many of the goas of our coordination
perspedive on software system design. This dion briefly
discusses all three research areas.

Coordination Theory

Coordination theory [12] focuses on the interdisciplinary
study of coordination. Reseach in this area uses and
extends ideas about coordination from disciplines sich as
computer science, organization theory, operations reseach,

Components| Architecture Auto Manual

lines* | lines'
1| Filters Pipes 34 0
2 | Filters Main Prog/Subroutine| 30 0
3| Filters Implicit Invocation 150 0
4 | Servers Pipes 78 16
5| Servers Main Prog/Subroutine| 35 0
6 | Servers Implicit Invocation 95 0
7 | Mixed Pipes 66 0
8 | Mixed Main Prog/Subroutine| 56 0
9 | Mixed Implicit Invocation 131 16

* Lines of coordination code automatically generated by Synthes

T Lines of coordination code manually added by user

Table 2: Summary of the Key Word in Context experimen



eoonomics, lingustics, and psychology. It defines
coordination as the process of managing dependencies
among adivities. Its reseach agenda includes
charaderizing different kinds of dependencies and
identifying the aordination protocols that can be used to
manage them.

The present work can be viewed as an application and
extension of coordination theory, in that it views the
process of developing applicaions as one of spedfying
architedures in which patterns of dependencies among
software adivities are eventually managed by coordination
protocols. The projed grew out of the Process Handbodk
projed [3, 11] which applies the ideas of coordination
theory to the representation and design of business
processes. The goal of the ProcessHandbodk projed is to
provide afirmer theoreticd and empiricd foundation for
such tasks as enterprise modeling, enterprise integration,
and process re-engneeging. The projed includes (1)
colleding examples of how different organizaions perform
similar proceses, and (2) representing these examplesin an
on-line “Process Handbod” which includes the relative
advantages of the alternatives.

The Process Handbodk relies on a representation of
businessprocesses that distinguishes between adivities and
dependencies and supparts entity spedalization. It builds
repositories of alternative ways of performing spedfic
business functions, represented at various levels of
abstradion. SYNOPSS has borrowed the ideas of separating
adivities from dependencies and the notion of entity
spedalization from the Process Handbodk. It is espedally
concerned with (1) refining the process representation so
that it can describe software gplicéions at a level predse
enough for code generation to take place and (2)
populating repositories of dependencies and coordination

protocols for the specialized domain of software systems.

Architecture Description Languages

Several Architedure Description Languages (ADLS)
provide suppart for representing software systems in terms
of their components and their interconnedions [8].
Different languages define interconnedions in different
ways. For example, Rapide [21] connedions are mappings
from services required by one mponent to services
provided by another component. Unicon [22] connedors
define protocols that are inserted into the system in order to
integrate aset of components. In that sense they are similar
to the wordination protocols that manage dependencies in
SYNTHESIS. Like Unicon, SYNTHESIS views dependencies as
relationships among components which might require the
introduction of additional coordination code in order to be
properly managed. Unlike Unicon, however, SYNTHESIS
dependencies are spedfications which can then be managed
(i.e. implemented) in a number of different ways. The set
of dependency types is not fixed. Coordination theory is a

framework that asdsts the discovery of additional
dependency types and coordination protocols. Finally, apart
from simply supparting dependency representations, the
work reported in this paper proposes the development of
taxonomies of abstrad dependency relationships and
coordination protocols for managing them as a key element
in facilitating component-based software development.

Open Softwar e Ar chitectures

Computer hardware has succesfully moved away from
monolithic, proprietary designs, towards open architedures
that enable components produced by a variety of vendorsto
be wmbined in the same @mputer system. Open
architedures are based on the development of successul
bus and interconnedion protocol standards. A number of
reseacch and commercial projeds are airrently attempting
to crede the equivalent of open architecures for software
components. Such approaches are based on standardizing
some part of the glue required to compose components. The
most notable dfortsin that diredion include objed-oriented
architedure standards, such as CORBA [16], Microsoft's
OLE [15], and Apple's Open Scripting Architecure [1], and
application frameworks such as X-Windows/Motif [17, 19]
and Microsoft Visual Basic [14].

Open software achitedures and our coordination
perspedive were both motivated by the complexity of
managing component interdependencies. However, the two
approaches represent very different philosophies. Open
architedures take the stance that designers sould not have
to ded with software dependencies. In esence they are
“hiding interconnedion protocols under the capet” by
limiti ng the kinds of all owed relationships and by providing
a standardized infrastructure for managing them. Our
coordination perspedive, in contrast, is based on the beli ef
that the identificaion and management of software
dependencies sould be devated to a design problem in its
own right. Therefore, dependencies should not only be
explicitly represented as distinct entities, but furthermore,
when dedding on a managing protocol, the full range of
posshiliti es sould be considered with the help of design
handbooks.

Succesful software bus approaches can enable
independently developed applicaions to interoperate
without the need to write alditional coordination code.
However, they have anumber of drawbadks. First, they can
only be used in environments for which versions of the
software bus have been developed. For example, OLE can
only be used to interconned components running urder
Microsoft Windows. Sewond, they can only be used to
interconned components explicitly written for those
architedures. Third, the standardized interadion protocols
might not be optimal for all applications.

In contrast, integrating a set of components using
SYNTHESIS typicdly does require the generation of



additional coordination code, although most of that code is
generated semi-automaticadly. Components in SYNOPSS
architedures neal not adhere to any standard and can have
arbitrary interfaces. Provided that the right coordination
protocol exists in its repository, SYNTHESIS will be &le to
interconned them. Furthermore, SYNTHESIS is able to
sugoest several dternative ways of managing an
interconnedion relationship and thus posdbly generate

while the knowledge of managing them has not yet been
systematically codified.

Theinitial results of this research provide positive evidence
for suppating the dam that software component
integration can usefully be treated as a design problem in its
own right, orthogonal to the spedficdion and
implementation of the cre functional pieces of an

more dficient implementations. Finally, open software
architedure protocols can be incorporated into SYNTHESIS
repositories as special cases of coordingtiatocols

FUTURE RESEARCH

The long-term goal of this research is to demonstrate the
pradicd usefulness of a mordination perspedive on
software system design and to develop superior software
development methoddogies based on its principles. To that
end, this ®dion describes ©me immediate diredions for
future research suggested by our experience so far.

Classfy composite dependency patterns. Our current
taxonomy includes relatively low-level dependency types,
such as flows and prerequisites. In a sense, our taxonomy
defines a vocabulary of software interconnedion
relationships. A particularly promising path of reseach
seans to be the dasdficaion of more mplex
dependency types as patterns of more dementary
dependencies.

Devdop coordination process design rules. It will be
interesting to develop design rules that help automate the
seledion step by ranking candidate processes ac@rding to
various evaluation criteria such as their response time,
their reliability, and their overall fit with the rest of the
applicaion. For example, when managing a data flow
dependency, one possble design heuristic would be to use
direa transfer of control (e.g. remote procedure cals)
when the size of the data that flows is small, and to use a
separate carier resource, such as a file, when the size of
the data is large.

Devdop gudelines for better reusable mmporents. The
idea of separating the design of component functionality
from the design of interconnedion protocols has
interesting implications about the way reusable
components sould be designed in the future. At best,
components dould contain minimal assumptions about
their interconnedion patterns with other components
embedded in them. More reseach is nealed to trandate
this abstract requirement to concrete design guidelines.

CONCLUSIONS

application.

More spedficdly, software interconnedion dependencies
and coordination protocols for managing them can be
usefully represented as independent entities, separate from
the interdependent components.

Furthermore, common dependency types and ways of
managing them can be systematicdly organized in a design
handbodk. Such a handbod, organized as an on-line
repository, can assst, or even automate the process of
transforming architedural descriptions of systems into
executable implementations by successjwecializations.

Our experience with building SYNTHESIS, a prototype
application development environment based on these
principles and using it as atod for fadlitating the reuse of
existing components in new applicaions has demonstrated
both the feasibility and the pradicd usefulness of this
approach. With our future reseach we plan to expand and
refine the antents of our design hendbodk of dependencies
and coordination processes as well as investigate the

usefulness of our approach in larger-scale software systems.
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