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Abstract -- Reuse of large-grain software components offers table but broad enough to enable integration of OTS

the potential for significant savings in application development components, is a key issue in formulating and adopting
cost and time. Successful reuse of components and Componemarchitectural styles.

substitutability depends both on qualities of the components ; .
reused as well as the software context in which the reuse is ~Our experience with C2, a component- and message-
attempted. Disciplined approaches to the structure and design based style for GUI software [TMA+95, TMA+96], indi-

of software applications offers the potential of providing a hos-  cates that it provides such a balance. In a series of exercises,
pitable setting for such reuse. We present the results of a series \ya \were able to integrate several OTS components of vari-

of exercises designed to determine how well “off-the-shelf” o _
constraint solversgcould be reused in applications designed in OUS granularities into architectures that adhere to the rules of

accordance with the C2 software architectural style. The exer- C2. This paper focuses on a subset of these exercises, in
cises involved the reuse of SkyBlue and Amulet's one-way for- which we successfully integrated two externally developed
mula Clcénztraich:tasti%lxe(r'tlwg %%“gruﬁtegigﬁr?aeﬁrs) vﬁaetiogs:rf Ul constraint solvers into a C2 architecture: SkyBlue
a sin . )
sumn?arize%pthe style and presgr?ts the resultsyfrom thg gxer- [S§n94] and Amulet's one-way formula solver [MMQS]' I_n
cises. The exercises were successful in a variety of dimensions;d0ing so, we were able to create several constraint mainte-
one conclusion is that the C2 style offers significant potential nance components in the C2 style, enabling the construction
for the development of application families and that wider tri-  of a large family of applications. We describe the details of
als are warranted: these exercises and the lessons we learned in the process.
Index Terms-- architectural styles, message-based architec-  The remainder of the paper is organized as follows:
tures, application families, graphical user interfaces (GUIS),  gection Il describes the rules and intended goals of C2. The
constraint management, component-based development. material in this section is condensed from a more detailed
exposition on the style, given in [TMA+96]. Section Il pre-
sents a detailed overview of the architecture and implemen-
Software architecture research is directed at reducingtion of KLAX, the application used as the basis for our
costs of developing applications and increasing the potentigkercises. Section IV motivates the need for a constraint
for commonality between different members of a closelynanager in KLAX and describes the particular KLAX con-
related product family. One aspect of this research is devedtraints we decided to maintain in an external constraint
opment of software architectural styles, canonical ways afolver. Section V discusses the design and implementation
organizing the components in a product family [GS93issues encountered in integrating SkyBlue with the architec-
PW92]. Typically, styles reflect and leverage key propertiegure, while Section VI discusses replacing SkyBlue with
of an application domain and recurring patterns of applicaAmulet’s constraint manager. The library of KLAX compo-
tion design within the domain. As such, they have the potefents created in the process of including SkyBlue and Amu-
tial for providing structure for off-the-shelf (OTS) let is described in Section VII. A discussion of several
component reuse. instances of the KLAX application family built with the
However, all styles are not equally well equipped to supcomponents from the library is given in Section VIII.
port reuse. If a style is too restrictive, it will exclude therinally, our conclusions round out the paper.
world of legacy components. On the other hand, if the set of
style rules is too permissive, developers may be faced with Il. Overview of C2
all of the well documented problems of reuse in general _ . . .
[Kru92, Big94, GAO95, Sha95]. Therefore, achieving a bal- C2 is an architectural style designed to support the partic-

ance, where the rules are strong enough to make reuse tr%l%; n:sepdesctOf'I?r?glft?/tli:nssu;t)?)%trtga\ée pilrgarggmc?rl] uviﬁircihmsrl_

components, such as dialogs, structured graphics models (of
1. This material is based upon work sponsored by the Air Force Materif@r'ous levels of abstraction), and, as this paper will show,

Command, Rome Laboratory, and the Advanced Research Projects Agerg@nstraint managers, can more readily be reused. A variety
under contract number F30602-94-C-0218. The content of the informatiopf other goals are potentially supported as well. These goals

does not necessarily reflect the position or policy of the Government and ig|ude the ability to compose systems in which: compo-

official endorsement should be inferred. . . . .
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.

[. Introduction




The C2 style can be informally summarized as a networkom domains of those components with which it is specifi-
of concurrent components hooked together by connectorgally intended to interact in the given architecture, its
i.e., message routing devices. Components and connectarsusability value is greatly diminished and it can only be
both have a defined top and bottom. The top of a componesubstituted by components with similarly constrained top
may be connected to the bottom of a single connector andomains. For that reason, the C2 style introduces the notion
the bottom of a component may be connected to the top ofaf event translation. Domain translation is a transformation
single connector. There is no bound on the number of comsf the requests issued by a component into the specific form
ponents or connectors that may be attached to a single connderstood by the recipient of the request, as well as the
nector. When two connectors are attached to each other, titansformation of notifications received by a component into
must be from the bottom of one to the top of the other (sea form it understands. The C2 design environment [RR96] is
Fig. 1). intended, among other things, to provide support for accom-
plishing this task.
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Fig. 1. A sample C2 architecture. Jagged lines represent the parts of the ar-
chitecture not shown.

Each component has a top and bottom domain. The topig. 2. The Internal Architecture of a C2 Component.
domain specifies the set of notifications to which a compo- ) ) o
nent responds, and the set of requests that the componentThe internal architecture of a component shown in Fig. 2
emits up an architecture. The bottom domain specifies thi targeted to the user interface domain. While issues con-
set of notifications that this component emits down an archic€rning composition of an architecture are independent of a
tecture and the set of requests to which it responds. All conffomponent’s internal structure, for purposes of exposition
munication between components is achieved by exchangin@€!ow, this internal architecture is assumed.
messages. This requirement is suggested by the asynchro-Each component may have its own thread(s) of control, a
nous nature of component-based architectures, and, in paproperty also suggested by the asynchronous nature of tasks
ticular, of applications that have a GUI aspect, where bottin the GUI domain. It simplifies modeling and programming
users and the application perform actions concurrently an8f multi-component, multi-user, and concurrent applications
at arbitrary times and where various components in th@nd enables exploitation of distributed platforms. A pro-
architecture must be notified of those actions. MessageRosed conceptual architecture is distinct from an implemen-
based communication is extensively used in distributedation architecture, so that it is indeed possible for
environments for which this architectural style is suited. ~ COMponents to share threads of control.

Central to the architectural style is a principle of limited ~Finally, there is no assumption of a shared address space
visibility or substrate independenca component within the @mong components. Any premise of a shared address space
hierarchy can only be aware of components “above” it and jgould b_e_ unreasonable in an arch_ltectural s_tyle that allows
completely unaware of components which reside “beneath€0mposition of heterogeneous, highly distributed compo-
it. Notions of above and below are used in this paper to sug?ents, developed in different languages, with their own
port an intuitive understanding of the architectural style. Asthreads of control, internal structures, and domains of dis-
is typical with virtual machine diagrams found in operating COUrse.
systems textbooks, in this discussion the application code is ]

(arbitrarily) regarded as being at the top while user interface 1. Overview of KLAX

toolkits, windowing systems, and physical devices are at the The architecture into which SkyBlue and Amulet were
bottom. The human user is thus at the very bottom, interacintegrated is a version of the video game KLAX. A descrip-
ing with the physical devices of keyboard, mouse, microtion of the game is given in Fig. 3. This particular applica-
phone, and so forth. _ _tion was chosen as a useful test of the C2 style concepts in

Substrate independence has a clear potential for fosteringat the game is based on common computer science data
substitutability and reusability of components across archistryctures and the game layout maps naturally to modular
tectures. One issue that must be addressed, however, is thgists. Also, the game play imposes some real-time con-

apparent dependence of a given component on its “supegtraints on the application, bringing performance issues to
strate,” i.e., the components above it. If each component ighe forefront.

built so that its top domain closely corresponds to the bot-
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Fig. 4. Conceptual C2 architecture for KLAX.

Fig. 3. A screenshot and description of our implementation of the KLAX ) o .
video game. The KLAX architecture is intended to support a family of

“falling-tile” games. The components were designed as

The architecture of the system is depicted in Fig. 4. Theeusable building blocks to support different game varia-

components that make up the KLAX game can be diVidec{ions. One such variation is described in [TMA+96].

into three logical groups. At the top of the architecture are To support the implementation of the KLAX architecture,

the components which encapsulate the game’s state. Thes -
components are placed at the top since game state is vital f8$C++ framework consisting of classes for C2 concepts such

the functioning of the other two groups of components. Th gs components, connectors, and messages was developed.

game state components receive no notifications, but responti1e size of this reusable framework is approximately 3100

to requests and emit notifications of internal state changegrg n};nnfg;[ﬁgtim? é)ifsgfs;e?joﬁne[?KA?AEQSG%p?&r? ;nvﬁ‘é"z[gn?f
Notifications are directed to the next level, where they ard P ’ ’ 9

. ; .ceptual architecture. This framework is also useful since it
E:%?r?lp;/c?r?egilsbom the game logic components and the artla lowed us to integrate the Xlib toolkit [SG87], by wrapping

The game logic components request changes of ga | fxﬁﬁ:ﬂrgrﬁetnqgtignﬁﬁﬁhlﬁsir? m?r:zgf(r:;rrr?gv(\jlgfknt{:o:giits
state in accordance with game rules and interpret game staf a rox?matel 8100 additiona? lines of commented G4+
change notifications to determine the state of the game iR’ PP y

progress. For example, if a tile is dropped from the weII,CO

RelativePositioningLogidetermines if the palette is in a Sparc2 workstation, easily exceeding human reaction time if

' ! vals. Although we have not yet tried to optimize perfor-

that a tile has been dropped. This notification is detected b%ance benchmarks indicated our current framework can
StatusLogiccausing the number of lives to be decremented, end 1’200 simple messages per second when sending and

The artist components also receive notifications of gam E%ceiving components are in the same process. In the KLAX

state changes, causing them to update their depictions. Ea g
: A : : stem, a keystroke typically caused 10 to 30 message
artist maintains the state of a set of abstract graphical ObJeC§%nds, and a tick of the clock typically caused 3 to 20.

which, when modified, send state change notifications ir
hope that a lower-level graphics component will render .
thepm. TileArtist provides a flexible presentation for tiles. IV. KLAX Constraints
Artists maintain information about the placement of abstract In its form as described above, KLAX does not necessar-
tile objects.TileArtist intercepts any notifications about tile ily need a constraint solver. Its constraint management needs
objects and recasts them to notifications about more corwould certainly not exploit the full power of a solver such as
crete drawable objects. For example, a “Tile-Created” notifi-SkyBlue, e.g., handling constraint hierarchies. On the other
cation might be translated into a "Rectangle-Created’hand, we think it should be possible to use a powerful con-
notification. TheLayoutManagercomponent receives all straint manager for maintaining a small number of simple
notifications from the artists and offsets any coordinates t@onstraints. Additionally, the main purpose of this effort was
ensure that the game elements are drawn in the correct jute explore the architectural issues in integrating OTS com-
taposition. ponents into a C2 architecture. We therefore opted not to
The GraphicsBindingcomponent receives all notifica- unnecessarily expend resources to artificially create a situa-
tions about the state of the artists’ graphical objects antion where a number of complex constraints needed to be
translates them into calls to a window system. User eventsnanaged. Instead, we decided to integrate SkyBlue with
such as a key press, are translated into requests to the artdtAX in its present form. If we were unable to do so, there
components. would be at least three possible sources of problems: (1) the

Performance of the implementations was good on a Sun



C2 style, (2) the KLAX architecture, and (3) SkyBlue. In den of ensuring that the game elements have the same rela-
any case, we would learn a useful lesson. tive dimensions on the developers of tRaletteArtist

We defined the following 4 constraints for managementChuteArtist andWellArtist components. Incorporating con-
by SkyBlue: straint management functionality inthayoutManager

e Pglette Boundary:The pa|ette cannot move beyond the therefore rendered its implementation more faithful to its
chute and well’s left and right boundaries. original design. _ i .
« Palette Location:Palette’s coordinates are a function of _ 1he constraints were defined in the “dialog and con-

its location and are updated every time the locatiorStr@ints” part of théayoutManagecomponent (see Fig. 2),
change§. while SkyBlue became the component’s internal object. As

* Tile Location: The tiles which are on the palette move such, SkyBlue has no knowledge of the architecture of

with the palette. In other words. the x coordinate of theWhich it is now a part. It maintains the constraints, while all
P - ' : the request and notification traffic is handled_byoutMan-
center of the tile always equals the x coordinate of th

center of the palette eaget’s dialog, as _shown in Fig. H_ayoutMana_lgerthus
= : became a constraint management component in the C2 style
* Resizing:Each game element (chute, well, palette, andnat can be reused in other applications by only modifying
tiles), is maintained in an abstract coordinate system by itgg dialog to include new constrairts.
artist. This cqn_straint transforms those abstract coordina_te Palette ADT PaletteArtist ChuteArtist andWellArtistalso
systems, resizing the game elements to have the relatigseded to be modified. Their local constraint management
dimensions depicted in Fig. 3 before they are rendered 0ggge was removed. Furthermore, their dialogs and message
the screen. This constraint would be essential in a casgterfaces were expanded to notifyayoutManager of
where the application is composed from preexisting comghanges in constraint variables and to handle requests from
ponents supplied by different vendors. A similar con-| youtManagerto update them. Only 11 new messages
straint could also be used to accommodate resizing of thgere added to handle this modification of the original appli-
game window, and hence of the game elements within it. cation and there was no perceptible performance degrada-
tion. The entire exercise was completed by one developer in

\/. Integrat|ng SkyBlue W|th KLAX approx|mate|y 45 hours.
The four constraints were defined based on the needs of . i
the overall application. Further thought was still needed to VL. Integrating Amulet with KLAX

decide the location of the constraint manager in the KLAX o supports reuse through component-based develop-
architecture. There clearly were several possibilities. On@nent.  substrate independence, and domain translation.
solution would have been to include SkyBlue within the These features also support component substitutability and
appropriate components for thfalette BoundaryPalette  |gcalization of change. We claim that, in general, two behav-
Location andTile Locationconstraints, since they are local jora|ly equivalent components can always be substituted for
elements, and would thus belong in a separate componentcomponent's implementation have no  architecture-wide

LI I ] effects [MORT96].
In the example discussed in the previous section, this
Tile would mean that SkyBlue may be replaced with another
Artist .- constraint manager by only having to modify the “dialog

— and constraints” portion dfayoutManagerto define con-
'/Layout ] straints as requir_ed by the new solver. The set of messages in
Manager Dialog SkyBlue LayoutManages interface and the rest of the KLAX archi-
tecture would remain unchanged.
1 To demonstrate this claim, we substituted SkyBlue with
Graphics -, Amulet’'s one-way formula constraint solver. This exercise
m ) required extracting and recompiling the needed portion of
Amulet? Once the solver was extracted from the rest of
Fig. 5. The SkyBlue constraint management system is incorporated into  Amulet, it was successfully substituted for SkyBlue and
*;é—:;?; gi);ﬁ)'gcﬁg%ﬁé’;sgfletﬁg"aazyﬂ;’ég";’éiggggi’gpo”e”“-ay"““v'a”‘ tested by one developer in 75 minutes. As anticipated, no
architecture-wide changes were needed. The look-and-feel
We initially opted for another solution: define all four of the application remained unchanged. There was again no
constraints in a centralized constraint manager componenperformance degradation.
The LayoutManagercomponent was intended to serve as a
constraint manager in the original design of KLAX shown 3. |n the remainder of the paper, when we state that a constraint solver is
in Fig. 4. However, in the initial implementation, the con- ‘“inside” or “internal to” a component, the internal architecture of the com-
stants viere solved with In-ine code locallaletieADT - POl ssene e o 0.5 L
and PaletteArtistand the sole purpose bfyoutManager |gcate implZmentations of any other constraint solvers, which was the
was to properly line up game elements on the screen. Thiciding factor in our selection. Furthermore, the availability of Amulet's

implemented version dfayoutManageaIso placed the bur- source code and its implementation language (C++) made it a good candi-
date for this project.

5. For the purpose of brevity, in the remainder of the paper Amulet's one-
2. Location is an integer between 1 and 5. way formula constraint manager will be referred to simply as “Amulet.”




VIl. KLAX Component Library

Integrating SkyBlue and Amulet with KLAX provided an
opportunity for building multiple versions dfaletteADT
PaletteArtist and LayoutManagercomponents. The two
integrations described above resulted in three versions
LayoutManager the original, SkyBlue, and Amulet ver-
sions. These are listed bayoutManagewersions 1, 2, and
3in Table 1. Two versions eachRdlette ADT PaletteArtist
ChuteArtist and WellArtist were created as well: original

components maintaining local constraints with in-line code

ture. Three such variations were described in Section IlI
(using versions 1 of all five components), Section V (using
versions 2 of the five components), and Section VI (replac-
ing LayoutManagef2 with LayoutManagei3 in the archi-
cggcture from Section V). In this section, we discuss several
additional implemented variations of the architecture that
exhibit interesting properties.

VIII.A. Multiple Instances of a Constraint Manager
In the architecture depicted in Table 2, Radette Bound-

(versions 1 of the four components in Table 1) and compo@Y; Palette Location and Tile Location constraints are

nents whose constraints were managed elsewhere in tigle

architecture (versions 2 of the four components in Tabfe 1)

Table 1: Implemented Versions oPaletteADT PaletteArtist
ChuteArtist WellArtist, and LayoutManagerKLAX Components

fined and maintained in SkyBlue insigaletteADTand
_PaletteArtist while theResizingconstraints are maintained
globally by LayoutManager Therefore, multiple instances
of SkyBlue maintain the constraints in different KLAX
components.

Version Constraints Constraint
Number Maintained Managers Table 2: Multiple Instances of SkyBlue
1 Palette Bound In-Line Cod Version Constraints Constraint
@ alere Soundary n-ine -ode Component | \;;mber Maintained Managers
= 2 None None
E <D( 3 Palette Boundary SkyBlue PaletteADT 3 Palette Boundary SkyBlue
PaletteArtist 3 Palette Location SkyBlue
4 Palette Boundary Amulet Tile Location
1 Palette Location In-Line Code ChuteArtist 2 None None
T”e. Locgtlon WellArtist 2 None None
Tile Size _
% . 5 None None LayoutManage Resizing SkyBlue
S5 Palette Location SkyBlue ] o ) o
Tile Location VIII.B. Partial Communication and Service Utilization
4 Palette Location Amulet Particularly interesting are components that are used in an
Tile Location architecture for which they have not been specifically
L5 1 Chute Size In-Line Code designed, i.e., they can do more or less than they are asked
S 2 None None to do. This is an issue of reuse: if we build components a
= - Wel Se e Code certalg way, are their users (designers) always obliged to use
2e 5 None None them “fully”; furthermore, can meaningful work be done in
= - NI N an architecture if two components communicate only par-
5 o~ SB tially, i.e., certain messages are lost? The architectures
5 yeue described below represent a crossection of exercises con-
i All Amulet ducted to better our understanding of partial communication
§s 4 Resizing SkyBlue and partial component service utilization.
5 Resizing Amulet * A variation of the original architecture was implemented
6 All SkyBlue & Amulet by substitutingLayoutManager2 into the original archi-

tecture, as shown in Table BayoutManagef2’s func-

The two initial integrations also suggested other varia- tionality remains largely unused as no notifications are
tions of these components, such as replacing in-line con- sent to it to maintain the constraints. The application still
straint management code with SkyBlue and Amulet behaves as expected and there is no performance penalty.

constraints irPaletteADTandPaletteArtist(see Footnote 3).
Also, a version ofLayoutManagerwas implemented that
maintained only th&esizingconstraint, in anticipation that

other components will internally manage their local con-

Note that this will not always be the caseldfyoutMan-
ager2 was substantially larger th&imyoutManagerl or
had much greater system resource needs (e.g., its own
operating system process), the performance would be

straints (this scenario was briefly described at the beginning affected.

of Section V). This resulted in a total of 18 implemented
versions of the five components, as depicted in Table 1.

VIII. Building a Program Family

The four versions oPaletteADTand PaletteArtist two
versions ofChuteArtistand WellArtist and six versions of
LayoutManager described in Table 1, could potentially be
used to build 384 different variations of the KLAX architec-

Table 3: None ofLayoutManagets Constraint Management
Functionality is Utilized

6. In the rest of the paper, a particular component version will be depicte
by the component name followed by version number (BajetteADT2).

Version Constraints Constraint
Component |\ per Maintained Managers
[ PaletteADT 1 Palette Boundary In-Line Code
PaletteArtist 1 Palette Location In-Line Code
Tile Location
Palette Size
ChuteArtist 1 Chute Size In-Line Code
WellArtist 1 Well Size In-Line Code
LayoutManage| All SkyBlue




* Another architecture that was built is shown in Table 4.identified as a potentially useful approach to constraint man-
This exercise was intended to explore heterogeneouagement [San94, MM95]. Integrating multiple constraint
approaches to constraint maintenance in a single architesolvers in a single C2omponenis certainly at a different
ture: some components in the architecture maintain theilevel of granularity. However, this exercise sensitized us to
constraints with in-line codaMellArtistandChuteArtis}, several issues intrinsic to the interaction of heterogeneous
others maintain them internally using SkyBluBalf constraint managers.
etteADT), while PaletteArtisks constraints are maintained  Specifying constraints in different solvers over disjoint
by an external constraint manageayoutManages is sets of variables is a trivial task, since there are no depen-
still partially utilized, but a larger subset of its services isdencies between the solvers. On the other hand, if the two
used than in the preceding architecture. sets of constraint variables intersect, the problem is more
Table 4: LayoutManagets Constraint Management Functionality is complex. In our case, constraint variables in SkyBlue and

Only Partially Utilized

Amulet are of different types, so that the same variable can-

Varsan CoTsiEiis ConsiEi not be used in constraints specified in both solvers. There-
Component | \;mber Maintained Managers fore, each conceptually common variable is implemented by
BalotoADT 3 Paletie Boundary SkyBlue two actual variablesvar_SkyBlueand var_Amule}. Fur-
PalotieArtist 5 None None thermore, additional functionality is needed to monitor the
. . . changes in the variables and programmatically update one
ChuteAtrtist 1 Chute Size In-Line Code . .
: . . when the other is changed due to constraint enforcement
WellArtist 1 Well Size In-Line Code (see Fig. 6)
LayoutManage| 2 All SkyBlue T

Solver-1 Solver 2

* In the architecture shown in TablePgletteADTexpects
that some other component will maintain tRalette
Boundary constraint. HoweverlLayoutManageil does
not understand and therefore ignores the natifications se @ e e
by PaletteADT(partial communication). Movement of the
palette is thereby not constrained and the application

behaves erroneousw- the palette disappears when mové:@- 6. To provide consistent constraint maintenance across constraint solv-
’ ers, each conceptually common constraint variable (CV) is implemented

beyond its right boundary; the execution aborts when theith two actual variables. Changes in one are automatically reflected in the
palette moves beyond the left boundary and3tephics-  other.

Binding component (see Section IIl) attempts to render it
at negative screen coordinates.

For example, iLayoutManagei6, Palette BoundaryTile

Table 5: Palette BoundaryConstraint is not Maintained

The above examples seem to imply that partial servicgate

Location andResizingconstraints are defined in SkyBlue,
while Palette Locationis specified in Amulet. Every time

Component Version Constraints Constraint Iocat?on_SkyBIuechanges, its new value is assigned to
Number Maintained Managers location_Amuletso that Amulet can properly update the
PaletteADT 2 None None paletteX_Amulevariable. To propagate its change through
PaletieArtist 1 Palette Location In-Line Code the rest of SkyBlue variablepaletteX_Amulét new value
Tile Location is copied intgpaletteX_SkyBlue
Palette Size Our solution to defining SkyBlue and Amulet constraints
ChuteArtist Chute Size In-Line Code over overlapping sets of variables, although effective, was
WellArtist Well Size In-Line Code not particularly elegant. It had the feel of programming
LayoutManage None None one’s own application-specific constraint management func-

tionality. While the purpose of the exercise was to investi-
issues pertinent to software architectures and

utilization generally has no ill effects on a system, whileapplication families, this problem has broader ramifications.
partial communication does. This is not always the case. Foh scenario where both a powerful but complex solver and a
example, an additional version of each component from theimple one are needed in an application is likely. Therefore,
original architecture was built to enable testing of the appliwe consider the problem of multiple interacting constraint
cation. These components would generate notifications thamanagers an open research issue that requires careful exam-
were needed by both components below them in the archination. We are currently exploring what role an architec-
tecture and the testing harness. If a “testing” component watsiral style, such as C2, may play in its resolution.
inserted into the original architecture, all of its testing- _ _ _
related messages would be ignored by components below ¥!11.D. Multiple Constraint Managers in an
resulting in partial communication, yet the application Architecture
would still behave as expected. An issue related to using multiple constraint managers
inside a single component is using multiple constraint man-
VIII.C. Multiple Constraint Managers in a Single agers in different components, but in a single architecture.
Component Such an architecture was built using components shown in
LayoutManage had some of its constraints defined in Table 6. In this architectur®alette BoundarnandResizing
SkyBlue and others in Amulet. Combining multiple con- constraints are maintained by SkyBlue, &atktte Location
straint solvers in a singlsystemhas only recently been andTile Locationby Amulet. Since the sets of constraint



variables managed by the two solvers are disjoint, there are

no interdependencies of the kind discussed in the previou[%igg4]
example between SkyBlue and Amulet. Hence, this modifi-
cation to the architecture was a simple one.

Table 6: Multiple Constraint Solvers

[GAO95]

Componen: | VeS| Conetrants | Gonsteln
PaletteADT 3 Palette Boundary SkyBlue
PaletteArtist 4 Palette Location Amulet
Tile Location
ChuteAtrtist 2 None None [GS93]
WellArtist 2 None None
LayoutManage| 4 Resizing SkyBlue
[Kru92]

IX. Conclusion
[MM95]

The full potential of component-based software architec-
tural styles cannot be realized unless reusing code developed
by others becomes a common practice. A new architectural
style can become a standard in its domain only if it makes
reuse easier. We believe that C2 is such a style for GUI soff\ioRT96]
ware.
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 [TMA+96] enabldPW92]
component substitutability. Finally, its component- and mes-
sage-based nature allows partial communication and service
utilization of components, which are essential to cost-effec-
tive reuse. [RR96]
In a component-based style, such as C2, the number of
possible architectures grows combinatorially as the number
of behaviorally related components increas&sus, the 18
components depicted in Table 1 can generate 384 distin% 94
versions of KLAX. Of course, every possible architecture is ano4]
neither meaningful (e.g., the example of partial communica-
tion in Section VIII.B) nor particularly interesting. This
exercise fulfilled its purpose nonetheless, since it demon-
strated the ease with which a library of components and an
application family in the C2 style may be created. [SG87]
Finally, we now have a constraint management compo-
nent in the C2 style that will be reused across future applica-
tions. Beyond this immediate benefit, integrating SkyBlue[shags]
and Amulet with KLAX has taught us an invaluable lesson
on the intricacies of incorporating OTS components into C2
architectures. We will build upon this experience in our
exploration of other facets of C2. [TMA+95]
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7. In [MORT96] we demonstrate how such components, e.g., the different
versions of thé.ayoutManagercomprise a type hierarchy.
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