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1. I N T R O D U C T I O N
Designers of concurrent software systems are faced with a
n u m b e r of difficult verification problems. One problem is ensuring that the system will never enter an infinite wait. Another problem concerns program actions that may occur in
parallel: it must be ensured that no undesirable parallelism is
present. Fundamental to these problems, at least for programs
written in Ada,* is knowledge of all the synchronization that
may occur during execution. This paper addresses the issue of
constructing a tool to aid in these determinations.
Experience in verifying and testing sequential software has
indicated the value of a n u m b e r of different approaches to
verification tasks. Different tools allow the system to be studied from various viewpoints; each tool possesses its own
strengths and weaknesses and is appropriate at different times
during the software life cycle. One capability found useful is
static analysis, that is, analysis that is performed on a model of
the program without requiring test executions [12].
An earlier paper considered the detection of several concurrency-related anomalies through the application of one
static analysis technique, data flow analysis [13]. While there
were some encouraging results, they were obtained only for a
highly restrictive concurrent programming language (a subset
of H A L / S [11]). In particular, no intertask synchronization
was allowed; a task could only schedule other tasks or wait
for their completion. Efforts to extend these techniques to a
larger subset of HAL/S, one that included intertask synchronization, met with substantial difficulty. It was surmised that
this was largely due to the undisciplined nature of the H A L / S
synchronization primitives, but subsequent investigations, as
described below, have shown the need for an entirely different approach.
To provide a specific basis for the following discussion,
reference will be made to programs written in Ada, although
the results have applicability to any programs that use rendezvous-like synchronization. (Included in this category are
programs written in CSP [6] and Distributed Processes [2].)
Briefly described, Ada allows the specification and simultaneous execution of any n u m b e r of tasks. The means of task
synchronization and primary method of intertask c o m m u n i cation is a r e n d e z v o u s . (Tasks may also access shared objects.)

ABSTRACT: Developing and verifying concurrent programs presents
several problems. A static analysis
algorithm is presented here that ado
dresses the following problems:
how processes are synchronized,
what determines when programs
are run in parallel, and how errors
are detected in the synchronization
structure. Though the research focuses on Ada, the results can be apo
plied to other concurrent programming languages such as CSP.
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Summary. Foundational to verification of some aspects of communicating
concurrent systems is knowledge of the synchronization which may occur
during execution. The synchronization determines the actions that may
occur in parallel, may determine program data flow, and may also lead to
inherently erroneous situations (e,g. deadlock). This paper formalizes the
notion of the synchronization structure of concurrent programs that use the
rendezvous (or similar) mechanism for achieving synchronization. The formalism is oriented towards supporting verification as performed by automated static program analysis. Complexity results are presented which
indicate what may be expected in this area and which also shed light on
the difficulty of correctly constructing concurrent systems. Specifically, most
of the analysis tasks considered are shown to be intractable.

Introduction

Validation and Verification of Concurrent Systems
Systems which employ multiple processors and tasks are being utilized in an
ever expanding number of areas. Concurrent systems are especially common in
"embedded applications", where the computer system is an integral part of a
larger physical system devoted to a specific function. Examples of embedded
applications include medical life support systems, civilian and military avionics
systems, and nuclear reactor controllers. Such embedded computer applications
often perform several diverse but related functions. Each function is often
considered and implemented as a separate task which perhaps synchronizes
and communicates with other tasks.
* This work was supported in part by the National Science Foundation under grant MCS 77.
02194. the U.S. Army Research Office under grant DAAG 29-80-C-(X)94. and by the Natural
Sciences and Engineering Research Councilof Canada under grants GR 29 and A 5538
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1. I N T R O D U C T I O N
Designers of concurrent software systems are faced with a
n u m b e r of difficult verification problems. One problem is ensuring that the system will never enter an infinite wait. Another problem concerns program actions that may occur in
parallel: it must be ensured that no undesirable parallelism is
present. Fundamental to these problems, at least for programs
written in Ada,* is knowledge of all the synchronization that
may occur during execution. This paper addresses the issue of
constructing a tool to aid in these determinations.
Experience in verifying and testing sequential software has
indicated the value of a n u m b e r of different approaches to
verification tasks. Different tools allow the system to be studied from various viewpoints; each tool possesses its own
strengths and weaknesses and is appropriate at different times
during the software life cycle. One capability found useful is
static analysis, that is, analysis that is performed on a model of
the program without requiring test executions [12].
An earlier paper considered the detection of several concurrency-related anomalies through the application of one
static analysis technique, data flow analysis [13]. While there
were some encouraging results, they were obtained only for a
highly restrictive concurrent programming language (a subset
of H A L / S [11]). In particular, no intertask synchronization
was allowed; a task could only schedule other tasks or wait
for their completion. Efforts to extend these techniques to a
larger subset of HAL/S, one that included intertask synchronization, met with substantial difficulty. It was surmised that
this was largely due to the undisciplined nature of the H A L / S
synchronization primitives, but subsequent investigations, as
described below, have shown the need for an entirely different approach.
To provide a specific basis for the following discussion,
reference will be made to programs written in Ada, although
the results have applicability to any programs that use rendezvous-like synchronization. (Included in this category are
programs written in CSP [6] and Distributed Processes [2].)
Briefly described, Ada allows the specification and simultaneous execution of any n u m b e r of tasks. The means of task
synchronization and primary method of intertask c o m m u n i cation is a r e n d e z v o u s . (Tasks may also access shared objects.)
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Summary. Foundational to verification of some aspects of communicating
concurrent systems is knowledge of the synchronization which may occur
during execution. The synchronization determines the actions that may
occur in parallel, may determine program data flow, and may also lead to
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Steps to an Advanced Ada1 Programming Environment
RICHARD N. TAYLOR AND THOMAS A. STANDISH, MEMBER, IEEE

Abstmct-Conceptual simplicity, tight coupling of tools, and effective
support of host-target software development will characterize advanced
Ada programming support environments. Several important principles
have been demonstrated in the Arcturus system, including templateassisted Ada editing, command completion using Ada as a command
language, and combining the advantages of interpretation and compilation. Other principles, relating to analysis, testing, and debugging of
concurrent Ada programs, have appeared in other contexts. This paper
discusses several of these topics, considers how they can be integrated,
and argues for their inclusion in an environment appropriate for software development in the late 1980's.
Index Terms-Ada, concurrency, debugging, programming environments, static analysis.

INTRODUCTION
IN this paper we present concepts and ideas we think should
characterize an advanced APSE (Ada programming support
environment). These range from already proven concepts to
emerging ideas currently being explored and prototyped. Sev-

First focus: analysis and testing
environments

Manuscript received January 31, 1984. This work was supported in
part by the Defense Advanced Research Projects Agency of the U.S.
Department of Defense under Contract (ONR) N00039-83-C-0567 to
the Irvine Programming Environment Project.
The authors are with the Programming Environment Project, Department of Information and Computer Science, University of California,
Irvine, CA 92717.
1Ada is a registered trademark of the U.S. Government (Ada Joint

Program Office).

eral important issues remain unresolved. Our intention is to
explore issues, problems, and opportunities.

BriefBackground
Ada is a new programming language designed to promote
reliability and maintainability of embedded computer software. Such software is often large (upwards of 100 000 instructions) and long-lived (15-25 years from conception to
retirement). It must often meet requirements for concurrent
processing and real-time performance.
If we are to produce and maintain Ada software that is reliable, affordable, and adaptable, the characteristics of Ada may
not be the only important matter to consider. In addition, the
characteristics of Ada software development environments
may well be critical. Standish [8] makes the case that i-t is
time to seize the opportunity to conceptualize what sort of
advanced programming support tools should populate a mature APSE of high utility and effectiveness. In this context,
consideration arises of support tools for modern programming
practices, software reuse, interactive programming, software
project management, project database support, improved testing and verification, and improved program understanding
techniques.
At Irvine an experimental approach is being taken, using a
prototype interactive Ada programming environment called
Arcturus. We are using Arcturus as a platform for investigation and resolution of issues such as the following.

0098-5589/85/0300-0302$01.00 © 1985 IEEE

Second: programming
environments
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The ensuing sections describe the major goals and rationale for
cuting processes, providing pleasant and uniform access to all
each of these subareas. Although each subarea is an interesting
facilities of the environment. Research in each of these areas and
research project in its own right, the most challenging questions
the interaction among them is described.
are often raised by the interactions among subareas. Indeed, it is
the importance and complexity of these interactions that requires
1 INTRODUCTION
research in the subareas be pursued cooperatively.
One of the
novel features of the Arcadia project is that it is synergistically
The purpose of a software environment is to support users in
exploring many of these issues.
their software development and maintenance activities. Past attempts to do this have indicated the vast scope and complexity
‘This work was supported in part by the National Science Foundation
under grant CCR-8704311, with cooperation from the Defense Advanced
of this problem. The Arcadia project is a consortium research
Research Projects Agency (ARPA Order 6108, Program Code 7Tl0), by the
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Software Environment Architectures and User
Interface Facilities
MICHAL YOUNG, RICHARD N. TAYLOR,

Abstract-User interface facilities are a crucial part of the infrastructure of a software environment. We discuss the particular demands and constraints on a user interface management system for a
software environment, and the relation between the architecture of the
environment and the user interface management system. A model for
designing user interface management systems for large extensible environments is presented. This model synthesizes several recent advances in user interfaces and specializes them to the domain of software environments. The model can be applied to a wide variety of
environment contexts. A prototype implementation is briefly described.

Index Terms-Environments, interactive program structures, user
interface management systems.

I. INTRODUCTION
SOFTWARE environment provides automated support for some set of activities performed by software
producers. An environment architecture is the set of basic
facilities underlying the capabilities of a spectrum of environments and the rules for assembling a specific environment out of these and other facilities. Environment architectures typically deal with issues such as:

A

the storage and manipulation of persistent objects,
tool interface conventions,
reuse of internal information and tools, and
interaction with the user [ l ] .
It is the last item which concerns us here: the basic facilities provided for interacting with users and how these are
bound up with other environment capabilities to produce
interactive tools.
The user interface management system (UIMS) is an
active research area in its own right. This paper focuses
on the relation between UIMS and environment architecture: the particular demands and constraints of software
environments, and the interplay between UIMS issues and
the other issues listed above. This paper is about the architecture of UIMS; it is not about graphical interaction
techniques per se, nor about human factors in interactive
programs. It describes a design which integrates several
key ideas from UIMS research, adapting and extending
Manuscript received January 15, 1988. This work was supported in part
by the National Science Foundation under Grant CCR-87043 I 1, with cooperation from the Defense Advanced Research Projects Agency, and by
the National Science Foundation under Grants DCR-8502558 and DCR8521398.
The authors are with the Department of Information and Computer Science, University of California, Irvine, CA 92717.
IEEE Log Number 8820967.
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them to serve the needs of large, flexible software environments. This design is embodied in Chiron, a UIMS for
the Arcadia- 1 software environment, and specific design
decisions in Chiron are used to illustrate general points
throughout the paper. The design is applicable to a wide
range of environments.
11. CONTEXT:SOFTWARE
ENVIRONMENT
ARCHITECTURES
Over the past decade the term “environment” has been
applied to a wide variety of systems. These have ranged
from editor-linker-compiler combinations to syntax-directed editors to sophisticated tool and object managers.
We use the term to denote a set of facilities designed to
aid its user in the performance of some job, where the
“jobs” we are interested in supporting include the full
spectrum of software development and maintenance activities. As such, the number of subactivities that can be
supported is very large, as are the number and types of
objects manipulated by the environment. The concerns
which drive the following discussion, therefore, are much
broader than those associated, for example, with structure
editor environments.
Furthermore we are interested in integrated environments. From a user’s perspective this means that certain
properties of uniformity hold. While this is vital, and is
addressed later in this paper, there can be much more to
the notion of integration. From a tool (or environment)
builder’s perspective an environment is integrated if there
are uniform schemes for tool invocation, tool combination/communication, data sharing, persistent object management, constraint maintenance, addition of new object
types, addition of new tools, and so forth. We will not
claim that techniques for achieving such integration are
well known (nor that all of these issues are even well
understood), but stating our general goals for environments helps to clarify some of the concerns which bear
on the relationship between a user interface management
system and other components of an environment.
Another pertinent interest of ours is in extensible environments. In our estimation the most useful environments are ones in which it is possible to add new capabilites to address new needs, to aid in supporting new jobs.
New development and analysis techniques appear regularly; it is only sensible to integrate them into an environment. Doing so can be difficult, however, unless an en-
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Abstract-User interface facilities are a crucial part of the infrastructure of a software environment. We discuss the particular demands and constraints on a user interface management system for a
software environment, and the relation between the architecture of the
environment and the user interface management system. A model for
designing user interface management systems for large extensible environments is presented. This model synthesizes several recent advances in user interfaces and specializes them to the domain of software environments. The model can be applied to a wide variety of
environment contexts. A prototype implementation is briefly described.

Index Terms-Environments, interactive program structures, user
interface management systems.

I. INTRODUCTION
SOFTWARE environment provides automated support for some set of activities performed by software
producers. An environment architecture is the set of basic
facilities underlying the capabilities of a spectrum of environments and the rules for assembling a specific environment out of these and other facilities. Environment architectures typically deal with issues such as:

A

the storage and manipulation of persistent objects,
tool interface conventions,
reuse of internal information and tools, and
interaction with the user [ l ] .
It is the last item which concerns us here: the basic facilities provided for interacting with users and how these are
bound up with other environment capabilities to produce
interactive tools.
The user interface management system (UIMS) is an
active research area in its own right. This paper focuses
on the relation between UIMS and environment architecture: the particular demands and constraints of software
environments, and the interplay between UIMS issues and
the other issues listed above. This paper is about the architecture of UIMS; it is not about graphical interaction
techniques per se, nor about human factors in interactive
programs. It describes a design which integrates several
key ideas from UIMS research, adapting and extending
Manuscript received January 15, 1988. This work was supported in part
by the National Science Foundation under Grant CCR-87043 I 1, with cooperation from the Defense Advanced Research Projects Agency, and by
the National Science Foundation under Grants DCR-8502558 and DCR8521398.
The authors are with the Department of Information and Computer Science, University of California, Irvine, CA 92717.
IEEE Log Number 8820967.

them to serve the needs of large, flexible software environments. This design is embodied in Chiron, a UIMS for
the Arcadia- 1 software environment, and specific design
decisions in Chiron are used to illustrate general points
throughout the paper. The design is applicable to a wide
range of environments.
11. CONTEXT:SOFTWARE
ENVIRONMENT
ARCHITECTURES
Over the past decade the term “environment” has been
applied to a wide variety of systems. These have ranged
from editor-linker-compiler combinations to syntax-directed editors to sophisticated tool and object managers.
We use the term to denote a set of facilities designed to
aid its user in the performance of some job, where the
“jobs” we are interested in supporting include the full
spectrum of software development and maintenance activities. As such, the number of subactivities that can be
supported is very large, as are the number and types of
objects manipulated by the environment. The concerns
which drive the following discussion, therefore, are much
broader than those associated, for example, with structure
editor environments.
Furthermore we are interested in integrated environments. From a user’s perspective this means that certain
properties of uniformity hold. While this is vital, and is
addressed later in this paper, there can be much more to
the notion of integration. From a tool (or environment)
builder’s perspective an environment is integrated if there
are uniform schemes for tool invocation, tool combination/communication, data sharing, persistent object management, constraint maintenance, addition of new object
types, addition of new tools, and so forth. We will not
claim that techniques for achieving such integration are
well known (nor that all of these issues are even well
understood), but stating our general goals for environments helps to clarify some of the concerns which bear
on the relationship between a user interface management
system and other components of an environment.
Another pertinent interest of ours is in extensible environments. In our estimation the most useful environments are ones in which it is possible to add new capabilites to address new needs, to aid in supporting new jobs.
New development and analysis techniques appear regularly; it is only sensible to integrate them into an environment. Doing so can be difficult, however, unless an en-
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The Chiron-1 user interface system demonstrates key techniques that enable a strict separation
of an application
from its user interface. These techniques include separating the control-flow
aspects of the application and user interface: they are concurrent and may contain many threads.
Chiron also separates windowing
and look-and-feel issues from dialogue and abstract presentation decisions via mechanisms employing a client–server
architecture.
To separate application
are attached to instances of
code from user interface code, user interface agents called artists
application
abstract data types (ADTs). Operations on ADTs within the application
implicitly
trigger user interface activities
within the artists. Multiple
artists can be attached to ADTs,
providing
multiple
views and alternative
forms of access and manipulation
by either a single
user or by multiple
users. Each artist and the application
run in separate threads of control.
Artists maintain the user interface by making remote calls to an abstract depiction hierarchy in
the Chiron server, insulating
the user interface code from the specifics of particular
windowing
systems and toolkits.
The Chiron
server and clients execute in separate processes. The
client–server
architecture
also supports multilingual
systems: mechanisms
are demonstrated
that support clients written
in programming
languages other than that of the server, while
nevertheless
supporting
object-oriented
server concepts. The system has been used in several
universities
and research and development projects. It is available by anonymous ftp.
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of Concerns in the Chiron-1 User
Interface Development
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Abstract-User interface facilities are a crucial part of the infrastructure of a software environment. We discuss the particular demands and constraints on a user interface management system for a
software environment, and the relation between the architecture of the
environment and the user interface management system. A model for
designing user interface management systems for large extensible environments is presented. This model synthesizes several recent advances in user interfaces and specializes them to the domain of software environments. The model can be applied to a wide variety of
environment contexts. A prototype implementation is briefly described.

them to serve the needs of large, flexible software environments. This design is embodied in Chiron, a UIMS for
the Arcadia- 1 software environment, and specific design
decisions in Chiron are used to
390illustrate general points
throughout the paper. The design is applicable to a wide
range of environments.

The Chiron-1 user interface system demonstrates key techniques that enable a strict separation
of an application
from its user interface. These techniques include separating the control-flow
aspects of the application and user interface: they are concurrent and may contain many threads.
Chiron also separates windowing
and look-and-feel issues from dialogue and abstract presentation decisions via mechanisms employing a client–server
architecture.
To separate application
are attached to instances of
code from user interface code, user interface agents called artists
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application
abstract data types (ADTs). Operations
trigger user interface activities
within the artists.
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11. CONTEXT:SOFTWARE
ENVIRONMENT
providing
multiple
views and alternative
forms of access and manipulation
by either a single
ARCHITECTURES
user or by multiple
users. Each artist and the application
run in separate threads of control.
Artists maintain the user interface by making remote calls to an abstract depiction hierarchy in
Over the past decade the term “environment” has been
Index Terms-Environments, interactive program structures, user
the Chiron server, insulating
the user interface code from the specifics of particular
windowing
interface management systems.
applied to a wide variety of systems. These have ranged
systems and toolkits.
The Chiron
server and clients execute in separate processes. The
from editor-linker-compiler combinations to syntax-diclient–server
architecture
also supports multilingual
systems: mechanisms
are demonstrated
Richard N. Taylor, Nenad Medvidovic, Kenneth M. Anderson,
I. INTRODUCTION
that support clients written
in programming
languages other than that of the server, while
rected editors to sophisticated tool and object managers.
nevertheless
supporting
object-oriented
server concepts. The system has been used in several
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producers. An environment architecture is the set of basic “jobs” we are interested in supporting include the full
facilities underlying the capabilities of a spectrum of en- spectrum of software development and maintenance acAbstract-While a large fraction of application code is devoted to graphical user interface (GUI) functions, support for reuse in this
vironments and the rules for assembling a specific envi- tivities. As such, the number of subactivities
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be confined to the creation of GUI toolkits ("widgets"). We present a novel architectural style directed at
domain hasthat
largely
ronment out of these and other facilities. Environment ar- supported is very large, as are the number
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supportingand
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applications.
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does user
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applications. User interface software has typically made use used. A variety of other goals are potentially supported as
environments, and the interplay between UIMS issues and claim that techniques for achieving such integration are
of two primary runtime architectures: the client-server style well. These goals include the ability to compose systems in
the other issues listed above. This paper is about the ar- well known (nor that all of these issues are even well
(as exemplified by X windows) and the call-back model, a which: components may be written in different programming
chitecture of UIMS; it is not about graphical interaction understood), but stating our general goals for environmodel in which application functions are invoked languages, components may be running concurrently in a distechniques per se, nor about human factors in interactive ments helps to clarify some ofcontrol
the concerns which bear
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monly exploited in Smalltalk applications. The Arch style is users may be interacting with the system, multiple toolkits
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[34]. In the following exposition, the style is referred to as and that the style has substantial utility "as is."
The new style can be informally summarized as a netthe Chiron-2, or C2, style.
A key motivating factor behind development of the C2 work of concurrent components hooked together by messtyle is the emerging need, in the user interface community, sage routing devices. Central to the architectural style is a
for a more component-based development economy [371. User principle of limited visibility: a component within the hierinterface software frequently accounts for a very large fraction archy can only be aware of components "above" it and
of application software, yet reuse in the U1 domain is typically completely unaware of components which reside "beneath
limited to toolkit (widget) code. The architectural style pre- it. Notions of above and below are used in this paper to
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style. As is typical with virtual machine diagrams found in
operating systems textbooks, in this discussion the applicaR.N. Taylor, N.Medvidovic, K.M. Anderson, E.J. Whitehead,Jr,, J.E. Robbins,
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A

E-mail: Taylor@ics.uci.edu.
D.L. Dubrow is with the Microsoft Corporation, 1 Microsoft Way,
Rcdmond, WA, 98052.E-mail: debdu@microsoft.com.
Manuscript received July 1995; revised Jan. 1996.
Recommended for acceptance by D.Notkin and D.R. Jeffery.
For information on obtaining reprints of this article, please send e-mail to:
transse~comptiter.org,and reference I E E E C S Log Number S96044.

1. It is sometimes convenient to consider an application system as being
subdivided into two parts: one part are those aspects of the system which do
not directly perform any user interface functions (the "application"), and the
other part are those aspects concerned with interacting with the user (the
"user interface").Such a distinctionis rather arbitrary, and can usually be read
as "those parts of an application system not constructed according to our
architecturalstyle and principles, and those parts which are."

0098-5589/96$05.00 0 1 996 IEEE

Authorized licensed use limited to: Univ of Calif Irvine. Downloaded on August 4, 2009 at 18:49 from IEEE Xplore. Restrictions apply.

10

Software Architecture
as a Field
If you look at the history of the research field, from
Perry & Wolf and Shaw & Garlan onwards
lots and lots of activity
mostly concerning the structure of software systems
but also addressing other views of systems
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context in which the reuse is attempted.
Disciplined approaches to the structure and
design of software applications offer the potential
of providing a hospitable setting for such reuse.
The authors present the results of a series of
exercises designed to determine how well ‘off-theshelf constraint solvers could be reused in
applications designed in accordance with the C2
software architectural style. The exercises
involved the reuse of SkyBlue and Amulet’s oneway formula constraint solver. The authors
constructed numerous variations of a single
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the exercises. The exercises were successful in a
variety of dimensions; one conclusion is that the
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of style rules is too permissive, developers may be faced
with all of the well documented problems of reuse in
general [3-61. Therefore achieving a balance, where the
C2 Connector
rules are strong enough to make reuse tractable but
broad enough to enable integration of OTS components, is a key issue in formulating and adopting architectural styles.
Our experience with C2, a component- and messagebased style for GUI software [7, 81 indicates that it provides such a balance. In a series of exercises, we were
able to integrate several OTS components of various
granularities into architectures that adhere to the rules
of C2. This paper focuses on a subset of these exercises,
in which we successfully integrated two externally
developed U1 constraint solvers into a C2 architecture:
Skyblue [9] and Amulet’s one-way formula solver [lo].
In doing so, we were able to C2
createConnector
several constraint
maintenance components in the C2 style, enabling the
construction of a large family of applications. We
describe the details of these exercises and the lessons we
learned in the process.
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Introduction

Software architecture research is directed at reducing
the costs of developing applications and increasing the
potential for commonality between different members
of a closely related product family. One aspect of this
research is development of software architectural styles,
canonical ways of organising the components in a
product family [l, 21. Typically, styles reflect and leverage key properties of one or more application domains,
and recurring patterns of application design within
those domains. As such, architectural styles have the
potential for providing structure for off-the-shelf (OTS)
component reuse.
However, all styles are not equally well equipped to
support reuse. If a style is too restrictive, it will exclude
the world of legacy components. Conversely, if the set
0IEE, 1997
ZEE Proceedzngs onlme no 19971608
Paper first received 16th December 1996 and in revised form 1lth August
1997
The authors are with the Department of Information and Computer
Science, University of California, Irvme, California 92697-3425, USA
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Status Artist

C2 is an architectural style designed to support the particular needs of applications that have a graphical user
interface aspect. The style supports a paradigm in
which U1 components, such as dialogs, structured
C2 ofConnector
graphics models (of various levels
abstraction), and,
as this paper will show, constraint managers, can more
readily be reused. A variety of other goals are potentially supported as well. These goals include the ability
to compose systems in which: components may be written in different programming languages, components
Artist heterogeneous envimay be running in aTile
distributed,
ronment without shared address spaces, architectures
may be changed dynamically, multiple users may be
interacting with the system, multiple toolkits may be
employed, multiple dialogues may be active, and multiple media types may be involved.
C2 Connector
2. I Style rules
A more detailed exposition on the style is given in [SI.
The C2 style can be informally summarised as a network of concurrent components hooked together by
connectors, i.e. message routing Layout
devices. Components
top and bottom.
and connectors both have a defined
Manager
The top of a component may be connected to the bottom of a single connector and the bottom of a component may be connected to the top of a single connector.
No direct component-to-component links are allowed.
There is no bound on the number
of components or
C2 Connector
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of style rules is too permissive, developers may be faced
with all of the well documented problems of reuse in
general [3-61. Therefore achieving a balance, where the
C2 Connector
rules are strong enough to make reuse tractable but
broad enough to enable integration of OTS components, is a key issue in formulating and adopting architectural styles.
Our experience with C2, a component- and messagebased style for GUI software [7, 81 indicates that it provides such a balance. In a series of exercises, we were
able to integrate several OTS components of various
granularities into architectures that adhere to the rules
of C2. This paper focuses on a subset of these exercises,
in which we successfully integrated two externally
developed U1 constraint solvers into a C2 architecture:
Skyblue [9] and Amulet’s one-way formula solver [lo].
In doing so, we were able to C2
createConnector
several constraint
maintenance components in the C2 style, enabling the
construction of a large family of applications. We
describe the details of these exercises and the lessons we
learned in the process.
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Introduction
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If Architecture is the set of principal
design decisions - by whomever,
wherever, whenever, then it is the proper
central focus of software development.
When explicit, carries value not only for
the present, but the system’s future
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So What?
SA becomes the basis for long-term intellectual control
It is the focal point for ensuring conceptual integrity
It is an anchor for supporting reuse: of knowledge,
experience, designs, and code
It is a centerpiece for effective project communication
It provides an adequate technical basis for
development and management of related variant
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The REST Principles
R1. Information is a resource, named by a URL
R2. Representation of a resource is a set of bytes, plus
meta-data describing them
R3. All interactions are context-free
R4. Only a few operations available, and act in
accordance with the other REST principles
R5. Idempotent operations and representation metadata support caching
R6. Presence of intermediaries is promoted
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“Hypertext” doesn’t appear in the REST Principles, per
se
If the representation is a hypertext then ...
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Research, Funding, Pubs
Some areas of software engineering are much easier to
get pubs in (ICSE, FSE) than others
Should ease of publication direct what you do?
The first paper on HTML and the Web was rejected by
the 1991 ACM Hypertext conference
DARPA continually challenged my funding of Roy’s and
Jim’s work (until it was a success!)
Roy took 9 years to get his Ph.D
Exploratory development in SE research should be
valued
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“Just One More Thing”
Isn’t all this stuff about the REST
principles just trying to dress up
development work that happened
over a decade ago? Make
“architecture” look good? Just
trying to get more mileage out of
old work?
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What Can You Do If...

You think through the crystallized REST principles,
See where they fail in modern applications, and then
Make an elegant generalization?
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Computational REST (CREST)
C1. A resource is a locus of computations, named by an
URL
C2. The representation of a computation is an expression
plus metadata to describe that expression.
C3. All computations are context-free.
C4. Only a few primitive operations are always available,
but additional per-resource and per-computation
operations are also encouraged.
C5. The presence of intermediaries is promoted.
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Demo
A dynamic, customizable news reader
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(HTTP/1.1 server)
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(HTTP/1.1 client)
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JavaScript
Interpreter

Browser
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Demo FAQ’s
What’s going on in the browser?
“Just graphical rendering” Dojo and Javascript for drawing only
What are those visible widgets?
(1) Artists (2) Highly restricted CREST computations on restricted peers
What’s being transported across the network?
HTML and JSON as weak CREST expressions describing state changes in the
underlying computations
What’s the transport protocol? HTTP/1.1
How many CREST computations were there? ≈12
How many nodes/servers were active? 2 laptops, 2 phones, Mac mini
How was time fudged? Mini had stored one month of RSS feed data
What kind of compatibility w/ existing infrastructure?
Completely backwards compatible with all WWW browsers & servers
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The Demo, redux
The point: analysis of the essential architectural
decisions of the WWW, followed by generalization,
opens up an entirely new space of decentralized,
Internet-based applications based on computations as
the fundamental entity
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CREST Credits
Justin Erenkrantz
(Final defense: next Thursday)

Michael Golick
Demo support:
Yongjie Zheng
Alegria Baquero
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Thank you!
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