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Abstract -- Reuse of large-grain software components offers
the potential for significant savings in application development
cost and time. Successful reuse of components and component
substitutability depends both on qualities of the components
reused as well as the software context in which the reuse is
attempted. Disciplined approaches to the structure and design
of software applications offers the potential of providing a hos-
pitable setting for such reuse. We present the results of a series
of exercises designed to determine how well “off-the-shelf”
constraint solvers could be reused in applications designed in
accordance with the C2 software architectural style. The exer-
cises involved the reuse of SkyBlue and Amulet’s one-way for-
mula constraint solver. We constructed numerous variations of
a single application (thus an application family). The paper
summarizes the style and presents the results from the exer-
cises. The exercises were successful in a variety of dimensions;
one conclusion is that the C2 style offers significant potential
for the development of application families and that wider tri-
als are warranted.1

Index Terms-- architectural styles, message-based architec-
tures, application families, graphical user interfaces (GUIs),
constraint management, component-based development.

I. Introduction
Software architecture research is directed at reducing

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 devel-
opment of software architectural styles, canonical ways of
organizing the components in a product family [10], [27].
Typically, styles reflect and leverage key properties of one or
more application domains and recurring patterns of applica-
tion 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 sup-
port reuse. If a style is too restrictive, it will exclude the
world of legacy components. On the other hand, if the set of
style rules is too permissive, developers may be faced with
all of the well documented problems of reuse in general [3],
[9], [13], [35]. Therefore, achieving a balance, where the
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 message-
based style for GUI software [38], [39] indicates that it pro-
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vides 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 success-
fully integrated two externally developed UI constraint solv-
ers into a C2 architecture: SkyBlue [32] and Amulet’s one-
way formula solver [17]. In doing so, we were able to create
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.

The remainder of the paper is organized as follows.
Section II describes the rules and intended goals of C2, as
well as its relationship to the research that has preceded and
influenced it. Part of the material in this section is condensed
from a more detailed exposition on the style, given in [39].
Section III discusses our approach to providing implementa-
tions for architectures built according to the rules of C2.
Section IV presents a detailed overview of the architecture
and implementation of KLAX, the application used as the
basis for our exercises. Section V motivates the need for a
constraint manager in KLAX and describes the particular
KLAX constraints we decided to maintain in an external
constraint solver. Section VI discusses the design and imple-
mentation issues encountered in integrating SkyBlue and
Amulet’s constraint manager with the architecture. The
library of KLAX components created in the process of
including SkyBlue and Amulet is described in Section VII.
A discussion of several instances of the KLAX application
family built with the components from the library is given in
Section VIII. A discussion of related work and conclusions
round out the paper.

II. Overview of the C2 Architectural Style
C2 is an architectural style designed to support the partic-

ular needs of applications that have a graphical user inter-
face aspect. The style supports a paradigm in which UI
components, such as dialogs, structured graphics models (of
various levels of 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: compo-
nents may be written in different programming languages,
components may be running in a distributed, heterogeneous
environment without shared address spaces, architectures
may be changed dynamically, multiple users may be inter-
acting with the system, multiple toolkits may be employed,
multiple dialogs may be active, and multiple media types
may be involved.
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bringing performance issues to the forefront.

Fig. 6. A screenshot and description of our implementation of the KLAX
video game.

The architecture of the system is depicted in Fig. 7. The
components that make up the KLAX game can be divided
into three logical groups. At the top of the architecture are
the components which encapsulate the game’s state. These
components are placed at the top since game state is vital for
the functioning of the other two groups of components. The
game state components receive no notifications, but respond
to requests and emit notifications of internal state changes.
Notifications are directed to the next level, where they are
received by both the game logic components and the artist
components.4

The game logic components request changes of game
state in accordance with game rules and interpret game state
change notifications to determine the state of the game in
progress. For example, if a tile is dropped from the well,
RelativePositioningLogicdetermines if the palette is in a
position to catch the tile. If so, a request is sent toPal-
etteADT to catch the tile. Otherwise, a notification is sent
that a tile has been dropped. This notification is detected by
StatusLogic, causing the number of lives to be decremented.

The artist components also receive notifications of game
state changes, causing them to update their depictions. Each
artist maintains the state of a set of abstract graphical objects
which, when modified, send state change notifications in the
hope that a lower-level graphics component will render
them on the screen.TileArtist provides a flexible presenta-
tion for tiles. Artists maintain information about the place-
ment of abstract tile objects.TileArtist intercepts any
notifications about tile objects and recasts them to notifica-
tions about more concrete drawable objects. For example, a
“Tile-Created” notification might be translated into a “Rect-
angle-Created” notification. TheLayoutManager compo-
nent receives all notifications from the artists and offsets any
coordinates to ensure that the game elements are drawn in

4. An artist is a component that creates an abstract depiction of the data it
receives. That abstract depiction can then be transformed into a screen
image by a rendering agent (in our case, C2’s graphics binding component).

the correct two-dimensional juxtaposition.
The GraphicsBindingcomponent receives all notifica-

tions about the state of the artists’ graphical objects and
translates them into calls to a window system. User events,
such as a key press, are translated into requests to the artist
components.

Fig. 7. Conceptual C2 architecture for KLAX.

The KLAX architecture is intended to support a family of
“falling-object” games. The components were designed as
reusable building blocks to support different game varia-
tions. One such variation is described in [39].

The KLAX implementation is built using the C++ frame-
work. The implementation consists of approximately 8100
lines of commented C++ code, in addition to the base frame-
work’s 3000 lines of code. Performance of the implementa-
tions is good on a Sun Sparc2 workstation, easily exceeding
human reaction time if theClockLogic component is set to
use short time intervals. Although we have not yet tried to
optimize performance, benchmarks indicate that our current
framework can send 1200 simple messages per second when
sending and receiving components are in the same process.
In the KLAX system, a keystroke typically causes 10 to 30
message sends, and a tick of the clock typically causes 3 to
20.

V. KLAX Constraints
In its form as described above, KLAX does not necessar-

ily need a constraint solver. Its constraint management needs
would certainly not exploit the full power of a solver such as
SkyBlue, e.g., handling constraint hierarchies [32]. On the
other hand, we think it should be possible to use a powerful
constraint manager for maintaining a small number of sim-
ple constraints. Additionally, the main purpose of this effort
was to explore the architectural issues in integrating OTS
components into a C2 architecture. We therefore opted not
to unnecessarily expend resources to artificially create a sit-
uation where a number of complex constraints needed to be
managed. Instead, we decided to integrate SkyBlue with
KLAX to support its extant constraint management needs. If
we were unable to do so, there would be at least three possi-
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• If the OTS component does not communicate via mes-
sages, a C2 wrapper must be built for it. This was the case
with both SkyBlue and Amulet.

• If the OTS component is implemented in a programming
language different from that of other components in the
architecture, an inter-process (IPC) connector must be
employed to enable their communication. A number of
existing systems provide this capability. For example, we
were able to accomplish this task for C++ and Ada com-
ponents relatively easily using the Q software bus [16].

• If the OTS component must execute in its own thread of
control, an inter-thread connector must be employed. This
was accomplished in the case of the Java AWT graphics
toolkit.

• If the OTS component executes in its own process, an IPC
connector must again be employed.

• If the OTS component communicates via messages, but
its interface does not match interfaces of components with
which it is to communicate, a domain translator must be
built for it. Although we have done some preliminary
work on domain translation in our Java class framework,
this area needs further exploration.
The information above is summarized in Table 7.

The series of exercises described in this paper demon-
strate that C2 isolates changes inside components and limits
any global effects of those changes through message-based
communication. Furthermore, C2’s principles of substrate
independence and domain translation enable component
substitutability. Finally, its component- and message-based
nature allows partial communication and service utilization
of components, which are essential to cost-effective reuse.

In a component-based style, such as C2, the number of
possible architectures grows combinatorially as the number
of behaviorally related components increases. Thus, the 18
components depicted in Table 1 can generate 384 distinct
versions of KLAX. Of course, every possible architecture is
not necessarily meaningful (e.g., the example of partial
communication in Section VIII.B) nor particularly interest-
ing. It is the responsibility of the architect to ensure that
each constraint is properly handled somewhere in the archi-
tecture. This task can be aided by a design guidance tool,
such as C2’s Argo design environment [30], [31]. What we
have shown is that C2 gives the architect added flexibility as
to exactly where and how to include the constraint handling
behavior.

11.  Note that the component can still be reused “as is” if the developers are
willing to risk degraded or incorrect performance, due to partial communi-
cation and partial component service utilization in the architecture. This
was the case with several variations of KLAX, discussed in Section VIII.

This exercise demonstrated the potential for creating a
library of components and an application family in the C2
style. In addition, we now have a constraint management
component in the C2 style that will be reused across future
applications.
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