Published in Proceedings of the 1997 California Software Symposium, Irvine CA, November 1997

Integrating C2 with the Unified Modeling Language

Jason E. Robbins David F. Redmiles David S. Rosenblum

Dept. of Information and Computer Science
University of California, Irvine
Irvine, CA 92697
{jrobbins,redmiles,dsr}@ics.uci.edu

ABSTRACT aspects in depth. By paying the cost of developing a detailed
Architecture-based software development is an approach toodel, software developers gain the benefit of knowing the
designing software in which developers focus on one or mor@nswers to these questions. In this sense, software
high-level models of the software system rather than progra@rchitecture descriptions serve primarily as input to analysis
source code. Choosing which aspects to model and how tools. For example, determining the possibility of deadlock
evaluate them are two decisions that frame softwaresquires specialized, formal models of the possible behavior
architecture research. Some software architecture researcharsl communication of each thread of control. The emphasis
have proposed special-purpose notations that have a great dealdepth over breadth of the model can make it difficult to
of expressive power but are not well integrated with commointegrate these models with other development artifacts,
development methods. Others have used general-purposecause the rigor of formal methods draws the modeler's
notations that are accessible to developers, but lack detadtention away from day-to-day development concerns and
needed for extensive analysis. In this paper we describe &m low-level modeling constructs (e.g., will this function
approach to combining the advantages offered by these twesult in a set of integers, or a set of sets of integers?). The
different kinds of notation. In particular, we extend UML, anuse of special-purpose modeling languages has made this
emerging standard notation for object-oriented design, witpart of the architecture community fairly fragmented, as
semantics specific to C2, an architectural style for userevealed by a recent survey describing nine different
interface intensive systems. Doing so suggests a practicatchitecture description languages [12].

strategy for bringing architectural modeling into the

mainstream of software development and achieving partiﬁ)ré%?:c; gﬁncggégfncoxrwcl;‘ng %ggagyrggodnélmﬁgztghhﬁe
integration of architectural models as needed. 9 P : 9

wide range of issues that arise in software development
Keywords demands a family of models that span and relate the issues of
Software architecture, object-oriented design, formatoncern. By paying the cost of developing a model, software
methods, constraint languages, incremental development developers gain the benefit of clarifying and communicating
their understanding of the system. In this sense software
INTRODUCTION rchitectures serve primarily as the “big picture” of the system
der development. For example, upgrading a database

3 pplication requires an understanding of the various kinds of
more high-level models of the software system rather th sers and their respective tasks, the application's user

program source code. Architectural models include elemen ﬁterfaces, the data schema, and the application’s software

s_uch.as software components, communication mechamsn}:sbm onents and their interfaces. Emphasizing breadth over
libraries, classes, states, processes, threads, hosts, events, ?) h potentially allows many problems and errors to go

(igsezsz, egze]msgziséﬁ?hsi’ ?nge‘:’\zgg:: t%%dsz rgfedrﬁleeris[léo?('jrggeu detected, because lack of rigor allows developers to ignore
. : P CErtain details. Several competing notations have been used in

such issues as message passing, data flow, resource us?g, part of the community [e.g., 2, 3, 21], but they share

Architecture-based software development is an approach
designing software in which developers focus on one

dependencies, state transitions, causality, and tempor ntral concepts and have been tempered by use. There now

(r)nrgﬁin?gs'l esglrsne O?rcrg}iﬁgt#]gnmv?/gﬁlsrﬁgd'?r?ns”)éévv%%%r xists a concerted effort to standardize methods for object-
P ppIng oriented analysis and design [15].

corresponding elements at successive levels [14, 9]. The
basic promise of software architecture research is that bett8tandardization provides an economy of scale that results in
software systems can be achieved by modeling themore and better tools, better interoperability between tools,
important aspects during development. Choosing whiclmore available developers who are skilled in using that
aspects to model and how to evaluate them are two decisionstation, and lower overall training costs. When special-
that frame software architecture research [11]. purpose notations are needed, they can often be based on, or
Part of the software architecture research communit yrelated to, standard_ notations. Doing so provides them with
3ome of the benefits of the standard, and allows for more

22?\/322/” a((:jai‘f?iimlcg\'/a“?;ti;ﬁcujzgti(()):s %Z?Ly;ﬁ dsevaz)l\l;lvfll’?u irect comparison and evaluation in terms of the value added
9 q P Y the special-purpose notation.

modeling and analysis techniques that address specifi



In the remainder of this paper we provide one example dhreads of control, the deployment of components to hosts,
combining these two emphases and outline an approach ¢o the communication protocol used by connectors.

software development that allows developers to gain some
the benefits of each. First, we describe an example of ea
kind of notation — the C2 architectural style which
addresses a narrow set of issues in depth and UML whi
addresses a broad set of issues but leaves many det
unspecified. Then, we describe how UMLs extensio
mechanisms can be used to express several aspects of
The final section discusses the contributions of expressirf
C2 in terms of UML: specifically, it is a way to integrate the
guidance provided by C2 with design notations mor
familiar to practitioners; and more generally, it suggests
practical strategy for achieving partial integration of
architectural models as needed.

BACKGROUND Overview of the UML and Its Extension Mechanism

Overview of C2 The Unified Modeling Language (UML) is a third-

C2 is a software architecture style for user interface intensivgeneration object-oriented analysis and design notation. The
systems [24]. A C2-style architecture consists of softwardirst generation of these notations modeled the attributes and
components and connectors. Connectors transmit messaggxerations of classes and how classes were related to one
between components. Components maintain state, perforamother [4]. The second generation of these notations added
operations, and exchange messages with other componentsstructs to model more development concerns, such as
via two interfaces (named “top” and “bottom”). Each behavior of objects, higher-level grouping of classes,
interface consists of a set of messages that may be sent andeployment and communications of these groups on
set of those that may be received. Inter-component messag#istributed hosts, scheduling of operations, life-times of
are classified into two types: requests for a component tobjects, and system usage scenarios [e.g., 3, 21, 2]. These
perform an operation, and notifications that a givemotations and their associated methods have been widely
component has performed an operation or changed state. used by practitioners and are supported by dozens of tools.

A C2 component consists of four internal parts. An intern or the third generation, the UML consolidates, formalizes,
< component consists of four internal parts. €Malnd standardizes many of these constructs [17].
object stores state and implements the operations that the

component provides. A wrapper on the internal objecA UML model of a software system consists of several
monitors all requested operations and sends natificationzartial models, each of which addresses a certain set of
through the bottom interface. A dialog specification mapsssues at a certain level of fidelity. Eight issues addressed by
from messages received to operations on the internal objettML are: (1) classes and their declared attributes,
Optionally, a translator may modify some messages so as ¢perations, and relationships; (2) the possible states and
match those understood by other components, thus adaptihghavior of individual classes; (3) packages of classes and
a component to fit into a particular architecture. their dependencies; (4) example scenarios of system usage
Components and connectors are composed according including kinds of users and reIationships between user
several style rules. Components may not directly exchan Sks; (5) the behawor of the overall system in the context -Of

) %:usage scenario; (6) examples of object instances with

messages,t t_h(tayfmay only bdo ‘:’to \P:Iad ctonnetctors.tEa tual attributes and relationships in the context of a

ggnmnpeocrtlgp Alr:;grrwr?gcetom%)z/a t?e gttgf:hee d té) aﬁ r%(ﬁbe(r) enario; (7) examples of the actugl behavior of interacting

other corﬁponents and con¥1ectors Request m}éssages stances in the context of a scenario; and (8) the d(_aplqyment

only be sent “upward” through .the architecture an%% communication of software components on distributed

notification messages may only be sent “downward.” ' osts. Fujellty refers to how close the model_ WI|! be to the
' eventual implementation of the system: low-fidelity models

The C2 style further demands that components communicatend to be used early in the life-cycle and be more problem-

with each other only through message-passing, neveériented and generic, whereas high-fidelity models tend to be

through shared memory. Also, C2 requires that notificationgsed later and be more solution-oriented and specific.

sent from a component correspond to the operations of its

internal object, rather than the needs of any components that | Database Componeht

receive those notifications. This constraint on notifications

helps to ensursubstrate independencehich is the ability |

to reuse a C2 component in architectures with differing ﬁ

substrate components (e.g., different window systems). The

C2 style ex.plicitly_does not make any assumptions about the | Admin GUI | | User GUI |

language in which the components or connectors are

implemented, whether or not components have their oWNgigre 1. An example C2-style architecture

%igure 1 shows an example C2-style architecture. This system
Consists of three components and one connector. One
&Pmponent is a database server, the other two are graphical
Lner interfaces (GUI) to the database. One GUI is for posing
(ueries, viewing result, and making updates. The other GUI is
configuring the database server. When either user interface
Used to request a modification, a request message is sent
ward to the connector, and then to the database. When the
database performs an operation, a notification message is sent
0 the connector and is ultimately received by both GUI
components. This style of component interaction is influenced
by Model-View-Controller designs and supports multi-user
systems and multi-view interfaces [7].




Increasing fidelity demands effort and knowledge to build

more detailed models, but results in more properties of thk§e"-’°b°t‘>5‘ze)’ (sefiworker->size) <010 Il|
model holding true in the system.

The UML is a graphical language with well-defined syntax _‘| Company }—0{ Course
and semantics. The syntax of the graphical presentation is 1.4
specified by examples and a mapping from graphical Employi . Trainji .
elements to elements of the underlying semantic model [19]. > —
The syntax and semantics of the underlying model are | Worker | | Trainee |
specified semi-formally via a meta-model, descriptive text,

and constraints [18]. The meta-model is itself a UML model

that specifies the abstract syntax of UML models. This is 0.*

much like using a BNF grammar to specify the syntax of a Robot

programming language. For example, the UML meta-model

states that a Class is one kind of model element with certai,ﬂgu|re 2. An example design expressed in UML

attributes, and that a Feature is another kind of model

element with its own attributes, and that there is a one-toFhis does not prevent a person from participating in
many composition relationship between them. Semantigontainment relationships, only composite relationships. In
constraints are expressed in the Object Constraint LanguagsL, containment (white diamond) indicates that one object
(OCL) which is a textual expression language based on firsis temporarily subordinate to one or more others, whereas
order predicate logic [20]. Each OCL expression is evaluategomposition (black diamond) indicates that an object is
in the context of some model element (referred to as “self’yubordinate to exactly one other object throughout its life-
and may use attributes and relationships of that element gge. In this example, composition would mean that
terms. OCL also defines common operations on sets argnployees could not participate in any other aggregates and
bags, and constructs for traversing relationships so thakever work for another company. Constraints may be applied
attributes of other model elements may also be used afrectly to a class or, as we have done here, constraints may be
terms. Traversing a one-to-many or many-to-manyapplied to a stereotype (e.g., Person) and the stereotype
relationship results in a bag of instances. Several examplegplied to a class (e.g., Employee). The constraint may be
of OCL constraints are given below. stated formally in OCL as:

The UML is an extensible language in that new constructStereotypePerson for instances of meta-class Class

may be added to addr_ess new issues in softwap If a person is in any composite relationship, it must be the composite.
development. The most obvious way to extend the langua odType.roleforAl(myRoke |

is to add new elements to the meta-model. This woul ole.assodiation.role->exists(@nyRole |

actually define a new language which is related to the UML  znyRole.aggregation = composite) implies

but has new semantics. Within the UML itself, three myRole.aggregation = composite)

.COHStrUCt.S are p.rOV'.ded to aIIQW_ limited extension tO_ N ote: The above constraint is sufficient because the UML already
issues without violating th_e existing syntax or sem_an_tlcs Oéonstrains associations to have at most one composite role.
the language. (1) Constraints place semantic restrictions on

particular design elements. (2) Tagged values allow nevhe labor union rule uses terms_from the model to constrain
attributes to be added to particular elements of the moddhe state of the system at run-time. In contrast, the Person
(3) Stereotypes allow groups of constraints and taggedtereotype uses terms from the UML meta-model to constrain
values to be given descriptive names and applied to oth&te model of the system. Traversing the “oclType” association
model elements; the semantic effect is as if the constrain@dlows us to refer to the meta-model, rather than the design at
and tagged values were applied directly to those elementdand. Figure 3 shows the relevant parts of the UML meta-
Using these extension mechanisms to define new construdf9del. We have simplified the meta-model for purposes of

results in models that still comply with standard UML. illustration in this paper, but all the constraints we define can
) ] be easily rewritten for use with the complete meta-model.
Figure 2 presents an example of using UML to model part of

a human resources system. A company employs marfyXTENDING THE UML TO MODEL C2-STYLE
workers, offers many training courses, and owns manffRCHITECTURES _

robots. Robots and employees are workers. Labor uniohh® UML provides constructs for modeling software
contracts constrain companies such that robots may népmponents, their interfaces, and their deployment on hosts.
make up more than 10% of the work force. A training cours&lowever, these built-in constructs are not suitable for
contains many trainees, and each trainee may take from 1dgscribing C2-style software architectures because they
4 courses. In this example, Trainee is an interface (a set 8ssume both too much and too little. Components in UML

operations) rather than a full class. An employee is capabffe€ assumed to be concrete executable artifacts that take up
of performing all the operations of Trainee. machine resources such as memory. In contrast, C2

. . ) components are conceptual artifacts that decompose the
Suppose we wish to impose the constraint that “a person maystem’s state and behavior. C2 components may be mapped
not be a composite element of another class”, in other wordg, concrete components that implement them, but they are
“a person must be the whole in any whole-part relationshipspot themselves concrete. Furthermore, components in UML



Role
1.* o.+| multiplicity : Multiplicity

Feature & Class RABEN

Visibility - {public, private, protected aggregation : {none, aggregate, composjte}

Z% 2..l{ordered}
[ | 0.~

Attribute Operation 11> | Interface

type : TypeExp direction : {require, provide}

%

Parameter 0.* T 1
type : TypeExpr = TaggedValue = <} Stereotype
kind : {in, out, inout, returnjoere vaile f’ﬂnimerpreteql,

Note: All classes are subclasses of

ModelElement (except ModelElement itself). 1+ 1.
This relationship is not shown. SystemMode'QT ModelElement [~ Constraint
: ~ [_name : String | T body : Uninterpretefl

Figure 3. Simplified UML Meta-Model (Adapted from [18])

may have any number of interfaces and any internahodel, it does not conform to the UML standard and we
structure, whereas C2 components must follow the C2-styleannot expect UML-compliant tools to support it. Instead we
rules. Since “vanilla” UML does not fit our needs, we will limit ourselves to using UML's built-in customization
extend it to express several aspects of the C2 style. mechanisms on existing meta-classes. This allows the use of
existing UML-compliant tools to represent the desired
rchitectural models, and style conformance checking when
aCL-compIiant tools become available.

One straightforward approach to modeling C2 is to define
C2-specific meta-model which describes the syntax o
individual C2 designs. This approach can be seen in part of
more comprehensive formalization of the C2 style [10].0Our basic strategy is to first pick an existing meta-class from
Figure 4 shows a simple UML version of such a meta-modethe UML meta-model that is semantically close to a C2
Providing this meta-model by itself does help to formalizeconstruct, and then define a stereotype that can be applied to
the style, but does not help integration with standard designstances of that meta-class to constrain its semantics to the
methods. By defining our new meta-classes as subclassesG#t style. We use this strategy in each of the following
existing meta-classes we would achieve some integratiosubsections. Finally, we illustrate the new constructs by
For example, making Component a subclass of meta-classodeling the same example C2-style architecture used above.
Class would give it the ability to participate in any

; S ; ey o ; 2 Operations
relationship in which Class can participate. This is basicall .
the integra?ion that we desire, bt?t sincg it modifies the meta-he UML meta-g:!ass_ Operation r_natches the C2 concept of a
Mmessage specification. Operations consist of a name,

parameter list (some of which may be returned values).

Operations indicate whether they will be provided or required

(i.e., they may be received or sent). Operations may be public,
private, or protected. To model C2 message specifications we

| Translator| | Dialog | | |nternalObj| will simply add a tag to differentiate notifications from

requests and constrain Operation to have no return values. C2

messages are all public, but that constraint is built into the

UML meta-class Interface used below.

Message
name : String . . i .
1 params : seq of TypeExpr StereotypeC20peration for instances of meta-class Operation
kind : {notification, request} [1] C20perations are tagged as either notifications or requests.
/\ direction : {sent, received} c2MsgType : enum{ notification, request }
| | | | [2] C2 messages do not have return values.
| BottomRoIe| |BottomPort| | TopRole | | TopPort | not self parameter->exists(p | p.kind = returm)
C2 Components
The UML meta-class Class is closest to C2’s notion of
TopPort BottomPort component. Classes may provide multiple interfaces with
T 1. operations, may own internal parts, and may participate in
o1 o1 associations with other classes. However, there are aspects of
» . Class that are not appropriate, namely, they may have
BottomRole Connector TopRole . ' ’ . .
§ - *p methods and attributes. In UML, an operation is a
L L. specification of a procedural abstraction (i.e., a procedure
Figure 4. A meta-model for C2-style architectures signature with optional pre- and post-conditions), while a



method is a procedure body. Components in C2 provide only (op.name=note.name and

operations, not methods, and those operations must be part Opparameter=note.parameter) implies

of interfaces provided by the component, not directly part of note.dlirection = recuire and

the component. Furthermore, a C2 conceptual component is  Note:C2MsgType=nofiicaton))

assumed to have no state other than the state of its inter@ Connectors

parts, and thus may have no direct attributes. C2 Connectors are in many ways similar to C2 components.
One difference is that they do not have the any prescribed

StereotypeC2Interface for instances of meta-class Interface )
internal structure. Components and connectors are treated

[1] A C2 interface has a tagged value identifying its position.  gjfferently in the architecture composition rules discussed
c2pas: enum{iop, bottom} below. Another difference is that connectors may not define
[2] All operations in a C2Interface must have stereotype their own interfaces; instead their interfaces are determined
C20Operation. by the components that they connect.
self.ociType.operation->forAl(o |

osstereotype = C20peration) We can model C2 connectors using a stereotype

C2Connector that is similar to C2Component. Below, we
reuse some constraints and add two new ones. But first, we
[1] C2Components may not directly contain features (i.e., methodsintroduce three stereotypes for modeling the attachments of
operations, or attributes). components to connectors. These attachments are needed to
seflodType feature->size =0 determine component interfaces.

[2] C2Components must implement exactly two interfaces, which
must be C2Interfaces, one top, and the other bottom.

StereotypeC2Component for instances of meta-class Class

StereotypeC2AttachOverComp for instances of meta-class Association

seff.ocType.interface->size =2 and [1] C2 attachments are binary associations.
selfociType.interface->forAll( | self.ocType.role->size =2
i.stereotype = C2Interface) and ' _
) . h 2] The first end of the association must be to a C2 component.
selfocIType.interface->exists(i | i.c2pos = top) and [L e]t roles = seff o Type1ole P

selfociType.interface->exists(i | i.c2pos = bottom) roles[L]muipicty ="1.1"and
[3] Requests travel “upward” only, i.e., they are sent through top roles[1]class.stereotype = C2Component

interfaces and received through bottom interfaces.

Lettopint= sefodType.ntert il [3] The second end of the association must be to a C2 connector.

Letroles =selfocType.roe,

i.c2pos=top), e i e
_ . roles[2). multiplicity =“1..1” and
Let botint = seff.odType.interface->select( | _
ic2pos = ) roles[2].class.stereotype = C2Connector
topintoperation->forAllo | StereotypeC2AttachUnderComp for instances of meta-class
(0.c2MsgType =request) implies Association. Same as C2AttachOverComp, except that the first role
odirection = require) and must be to a connector, and the second role must be to a component.
bo?ohézoﬁsrgyy;fgrgcl](ggst) implies StereotypeC2AttachConnConn for instances of meta-class Association
odirection = provide) [1] C2 attachments are binary associations.

[4] Notifications travel “downward” only. This is similar to the sefioclType.role->size =2

constraint above. [2] Each role of the association must be on a C2 connector.
[5] Each C2Component will have a single instance in the running seffodType.role->forAllr |

system. r.multtiplicity =“1..1" and

selff.ocType.alinstances>size =1 r.class.stereotype = C2Connector)

[6] C2Components participate in at most four whole-part [3] The two roles are not both on the same C2 connector.

relationships named internalObject, wrapper, dialog, and translatosefodType roe[l] dass<>seffodTyperoe2] dass
Letwholes = seff.ociType.role->select(

. StereotypeC2Connector for instances of meta-class Class
aggregation = composite), yp

(whole>size <=4)and [1-5] Same as constraints 1-5 on C2Component.
((Wholes.association.name->asSet) - Set{ [6] The top interface of a connector is determined by the
‘intemalObject’, “wrapper”, “dialog”, components and connectors attached to its bottom.
“franslator})->size =0 Let topint = self.ocType.interface->select( |
1.c2pos =top),

[7] Each operation on the internal object has a correspoding

notification which is sent from the component’s bottom interface. LetdownAtiach = sefl.ocType role assoca

fion->select(a | arole]?] = seffodType),

Letops =seffintemalObject feature->select(f| LettopsintsBelow = downAttach role[1]inter-
FisKindOfOperation)), face >select( | ic2pos = top),
Let %“;;Sf"&%’e“ teriace->slect]| topsintsBelow operation >asSet= opintoperat
ops>forAkop| o
botint:>exists(note |



[7] The bottom interface of a connector is determined by the

components and connectors attached to its top. This is similar to [6] «gchm onent»
above. Database Component
rqst rcvd update()
Constructs for C2 Architectures note Serg Ué)d?‘tﬁ/ld%
Now we turn our attention to the overall composition of L%Site e i\dTr:PnM%d%())
components and connectors in the architecture of a system. rgst revd changeSchema(
Recall that well-formed C2 architectures consist of note sent changedSchemd()
components and connectors, components may be attached to ul
one connector on the top and one on the bottom, and the top «C2AttachUnderComp»
(bottom) of a connector may be attached to any number of |
other connectors’ bottoms (tops). As further examples, we “8%%??_”8}?3
add two new rules that guard against degenerate cases.
. . «C2AttachOverComp» «C2AttachOverComp»

StereotypeC2Architecture for instances of meta-class SystemModel | |
[1] A C2 architecture is made up of only C2 model elements. «Aé%mp&nﬁrlﬂ» «%ggp?g&elnt»
self.odType.eler_nents—>forA||(e| rgst sent adminMode() rgst sent update()

estereotype = C2Componentor note rcvd adminMode() note rcvd updated()

e stereotype = C2Connector or rgst sent changeSchema() |note rcvd adminMode()

esstereotype = C2AttachUnderComp or note rcvd changedSchemal) |note rcvd changedSchema)

e sterectype = C2AttachOverComp or

estereotype = C2AttachConnConn) Figure 5. An example C2-style architecture for a dababase
[2] Each C2Component has at most one C2AttachOverComp.
Let comps = self.ociType.elements->selectie . . .

esgedype:czygnmm) | constrained to look the way a C2 diagram is normally
comps.role.assodiaion->select(a| intended to look. For example, a component that is above a
astereotype = C2AttachUnderComp)->size <= 1 certain connector in the model may be drawn beside it in the

[3] Each C2Component has at most one C2AttachUnderCom visualization. UML currently does not define a visualization
Similar to the cor?straint above P: meta-model, so there are no standard objects to constrain.

[4] C2Components do not participate in any non-C2 associations. Gjyen a C2 architecture that is modeled in UML, it can be
Letcomps = sef.odType elements->select(e| related to other standard UML model elements that are

comesggdype.:czoff;‘ﬁ(gelm)' commonly used in software development. Figure 6 makes
a;tpz'reot;'/pe:CZAnachOverCompor explicit our assumptions about the kinds of users who will
astereotype = C2AttachUnderComp) use this system and their tasks. Figure 7 is a sequence

o ] o diagram showing how the system behaves in the context of a
[5] C2Connectors do not participate in any non-C2 associations. particular use case.

Let conns = self odType.elements->selecte |

e stereotype = C2Connector), DISCUSSION
conns.role.association->forAlla | . .

astereotype = C2AttachOverComp or Modeling C2 in UML

astereotype = C2AttachUnderComp or Extending UML to enforce the C2-style rules has been fairly

astereotype = C2AttachConnConn) straightforward. Although we did not model details of the
[6] Each C2Component must be attached to some connector. internal parts of a C2 component or the behavior of any C?
Let comps = seffodType elements >selectle | constructs, we feel those aspects of C2 could be modeled in

e stereotype = C2Component), UML. For example, the behavior of the dialog part of a C2

comps.role.assodiation->size >0 component may be modeled using a UML statechart.
[7] Each C2Connector must be attached to some connector or ~ Some concepts of C2 are already part of UML. Neither C2 nor
component. UML constrain the choice of implementation language or
Letconns =sef.odType.elements->select(e | require that any two components be implemented in the same

e stereotype = C2Connector),

Ny fion>siz6 >0 language (although using UML with object-oriented languages

is much easier than with non-object-oriented languages).
Example Architecture Neither C2 nor UML constrain the choice of GUI toolkits, or
Figure 5 shows the UML graphical notation for the samdnter-process communication mechanisms. Neither C2 nor
system shown above to illustrate the C2 style (Figure 1). WML (as we have used it) assume that any two components run
show some operations and omit others as needed to clarify tiethe same thread of control or on the same host. Both C2 and
discussion below. Each element is marked with its stereotyddML limit communication to message passing and include
in guillemets(i.e., small double angle brackets). Alternatively, specifications of messages that may be sent and received.

UML allows icons to be used to denote the stereotype. Some concepts of C2 are very different from those of UML and

We have defined precise modeling constructs, and there ighipse of object-oriented design in general. For example,
clear mapping between the visual elements and mod@hainstream obJect—onepted deS|gn. has a strict dichotomy
elements. However, the overall visualization is in no wayoetween classes and instances. Since each class may have
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Figure 6. Some use cases for the example database system Figure 7. Sequence diagram for Disable User Access

multiple instances, associations between classes may have ,
multiplicity greater than one (e.g., there could be any number ¢f contrast, our approach does not use translation between

employees in our initial UML example). Furthermore, thenhotations, but rather uses a core model with several independent
features of an instance are declared in its class. In contrast, figensions. The UML provides a starting point with more
interface of a C2 connector is determined by context rather th@tndard constructs than components and connectors. We call
declared, and the addition of a new component instance at rdfis our core model, and assume that developers are able to use
time is considered an architectural change. We addressed tfidn day-to-day development activities. We extend this core
difference by demanding that each C2 component angpodel with specific attributes and constraints as needed for
connector have exactly one instance. If a system uses t@ecific analyses. As new issues of concern arise in
connectors, they must each have their own class in the desigi§velopment, new attributes may be added to support analyses
although they may be implemented by the same COncre[gl'evant to those concerns. The semantics of the core m_odel are
components. Another conceptual difference is that it is legal f@@ways enforced by UML-compliant tools. The semantics of
C2 messages to be sent and not received by any compon@rﬁ?h extension are enforced by the constraints of that extension
whereas UML assumes that every message sent will [d the constraints imposed by the desired analyses.
received. We have considered various ways of forma||PependenC|es and conflicts may arise between the attributes in
addressing this difference, but each added significar‘if'ﬁerent extensions, and must_be handled by _developers just as
complexity. Declining to state one semantic aspect of C2 doddey manage the other myriad dependencies and potential
not undermine the basic advantages of our approach. conflicts of software development. This situation is not ideal,

] but it is practical, it uses available tools and languages that are
Core Models and Extensions _ _  well integrated into day-to-day development, and it is
Standardization has a wide range of benefits, as discussed in figremental. We feel that these features are key to bringing the
introduction. The challenge of standardization is finding &enefits of architectural modeling into mainstream use.
language that is general enough to capture all the concepts

needed. There has never been a single programming Iangu{:déure Work _ _ _

that served the needs of all programmers, and there is no rea&gfither research into this approach will attempt to extend
to expect a single ADL to meet the needs of all softwar&ML to model the semantics of other ADLs, apply object-

architects. This has led the software architecture community fJi€nted concepts such as polymorphism and inheritance to
integration of ADLs, rather than standardization. architectural elements [13], and evaluate the effectiveness of

the approach in practice.

ACME is an architecture interchange language that attempts to ) ) ) ) )

allow automatic transformation of a system modeled in on&XpPerience with modeling architectures using extended UML
ADL to an equivalent model in another ADL [5]. This assumegna@y lead to new and better models that relate architectural
that there is a meaningful equivalent, which may not be trugoncerns. Taylor proposes that architectural research should
given that different ADLs focus on different system aspects angf€m from, and be evaluated in terms of, its impact on system
have different semantics. Furthermore, it requires a set &€velopment [23]. Grounding architectural models in a
semantic mappings that involve every concept of every ADLWidely-used design method is one important step in bringing
The translation approach seems tractable only to the extent ti@@ether the communities of theory and practice.

common constructs occur in every ADL. At this point the onlyaACKNOWLEDGMENTS

evident commonality is that ADLs provide syntactic elementsrhe authors would like to acknowledge Richard Taylor, Peyman

components and connectors vary across ADLs [12].
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