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ABSTRACT questions demands powerful modeling and analysis

Software architecture descriptions are high-level models dfchniques that address specific aspects in depth. By paying
software systems. Some researchers have proposed spedidf Cost of making a detailed model, developers gain the
purpose architectural notations that have a great deal BENEfit of knowing the answers to these questions. In this
expressive power but are not well integrated with commog€nse, software architecture descriptions serve primarily as
development methods. Others have used mainstreaffiPut to analysis tools. For example, determining the
development methods that are accessible to developers, but I&9eSiPility of deadlock requires specialized, formal models
semantics needed for extensive analysis. We describe 9ht€ Possible behavior and communication of each thread
approach to combining the advantages of these two ways 8f CONtrol [3]. However, the emphasis on depth over breadth
modeling architectures. We present two examples of extendirf} (e model can make it difficult to integrate these models
UML, an emerging standard design notation, for use with tw ith other development artlfaf:ts, beca_luse the rigor of formal
architecture description languages, C2 and Wright. oufethods draws the modeler's attention away from day-to-
approach suggests a practical strategy for bringing architectudfy development concerns. The use of special-purpose
modeling into wider use, namely by incorporating substantigideling languages has made this part of the architecture

elements of architectural models into a standard design meth(gt?.g‘r?rl;::‘eizlj?érlgef;iﬂ;?Onﬁghgj;s;ga[“le% by a recent survey
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w ) ) ) . ) Another part of the community, primarily from industry, has
Software architecture, object-oriented design, architecturgcysed on choosing which aspects to model. Modeling the
description languages, constraint languages, incrementgige range of issues that arise in software development
development demands a family of models that span and relate the issues of
1 INTRODUCTION concern. By paying the cost of making such models, devel-

hi based soft devel . h gﬁers gain the benefit of clarifying and communicating their
Architecture- fase SO Wﬂ.reh eve olpment ]!S an approach i qerstanding of the system. In this sense software architec-
de&gng_ngh ISO tvlvaredlnl w flch devfetvepers ocus O”honeho{ures serve primarily as the “big picture” of the system under
more high-level models of the software system rather thafaye|opment. For example, upgrading a database application
program source code. Architectural models include elemenis,, jires an understanding of the various kinds of users and
such as software components, communication mechanismgeir respective tasks, the data schema, and the application’s
states, processes, threads, hosts, events, external syste are components and their interfaces. However, empha-
and source code modules [7, 10, 11, 18, 243 251sizing breadth over depth potentially allows many problems
Relationships between these elements address such issue§@s$ errors to go undetected, because lack of rigor allows
message passing, data flow, resource usage, dependencipge|opers to ignore certain details. Several competing nota-
state transitions, causality, and temporal orderings. The basi§s have been used in this part of the community, but they
promise of software architecture research is that bette} e central concepts, have been tempered by mainstream

software systems can be achieved by modeling thelise and have been formalized to some extent [5, 26]. There

important aspects during development. Choosing W.h',dﬁow exists a concerted effort to standardize methods for
aspects to model and how to evaluate them are two deC'S'OBBject-oriented analysis and design [17]
that frame software architecture research [14]. '

. . Standardization provides an economy of scale that results in
Part of the software architecture research communityy,qe ang petter tools, better interoperability between tools,
primarily academics, has focused on analytic evaluation Qf,qre available developers who are skilled in using that
architecture descriptions. Answering difficult evaluation,iation. and lower overall training costs. When special-
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use. UML is well suited for this because it provides a usefulesults in a bag of instances. Several examples of OCL con-
and extensible set of predefined constructs, it is semi-formallstraints are given below.
defined, it has substantial tool support, and it is based 2 UML Extension Mechanisms
experience with mainstream development methods. The nekt
section describes UML and our strategy for adapting it to oudML is an extensible language in that new constructs may be
needs. Sections 3 and 4 provide examples of adapting UMidded to address new issues in software development. Three
with semantics specific to two ADLs, C2 and Wright. mechanisms are provided to allow limited extension to new
Section 5 expands on our approach and contrasts it to relatisgues without changing the existing syntax or semantics of
work. Section 6 discusses the contributions of our approachie language. (IJonstraintsplace semantic restrictions on
specifically, it is a way to integrate the power of ADLs with theparticular design elements. (Bgged valuesallow new
day-to-day usefulness of UML; and more generally, itattributes to be added to particular elements of the model.
suggests a practical strategy for achieving partial integration ¢8) Stereotypesllow groups of constraints and tagged values
architectural models as needed for specific development tasltsl. be givenhdescriptive nafrf‘nes and a[;plirt]%d to other mOde!i
elements; the semantic effect is as if the constraints an
2 UML AND ITS EXTENSION MECHANISMS tagged values were applied directly to those elements.
2.1 UML Background Figure 1 presents an example of using UML to model part of
A UML model of a software system consists of several partigh human resources system. A company employs many
models, each of which addresses a certain set of issues avarkers, offers many training courses, and owns many
certain level of fidelity. There are eight issues addressed lrpbots. Robots and employees are workers. Labor union
UML models: (1) classes and their declared attributes;ontracts constrain companies such that robots may not
operations, and relationships; (2) the possible states amdake up more than 10% of the work force. A training course
behavior of individual classes; (3) packages of classes and themntains many trainees, and each trainee may take from 1 to
dependencies; (4) example scenarios of system usadecourses. In this example, Trainee is an interface (a set of
including kinds of users and relationships between user tasksperations) rather than a full class. An employee is capable
(5) the behavior of the overall system in the context of a usag# performing all the operations of Trainee.
scenario; (6) examples of object instances with actual attribut
and relationships in the context of a scenario; (7) examples
the actual behavior of interacting instances in the context of

ﬁjppose we wish to impose the design constraint that “a
erson may not be a composite element of another class”, in

scenario; and (8) the deployment and communication Oqeraetironvgrz?ss, ,,a_ll?ﬁigso':jon;gﬁnboet therev\\;gﬁ:e '; angr;’l’)?]mi;g%t
software components on distributed hosts. Fidelity refers {5 aHONSNIPS. . P . P .
how close the model will be to the eventual implementation gparticipating in_containment relationships, only composite

the system: low-fidelity models tend to be used early in th&Eationships.  In - UML, containment (white — diamond)
life-cycle and be more problem-oriented and generic Whereé'gd'cateS that one object is terr_lporanly subqrdlnate to one or
X ore others, whereas composition (black diamond) indicates

high-fidelity models tend to be used later and be more solutio “at an obiect is subordinate to exactly one other obiect
oriented and specific. Increasing fidelity demands effort an rouahout ]its life-time. In this example gom osition Wo uJI d
knowledge to build more detailed models, but results in more' o4d ' PI€, compo:

mean that employees could not participate in any other

properties of the model holding true in the system. .
aggregates and never work for another company. Constraints

The UML is a graphical language with well-defined syntaxmay be applied directly to a class or, as we have done here,

and semantics. The syntax of the graphical presentation é®nstraints may be applied to a stereotype (e.g., Person) and

specified by examples and a mapping from graphical elemeritse stereotype applied to a class (e.g., Employee). The

to elements of the underlying semantic model [21]. The syntazonstraint may be stated formally in OCL as:

and semantics of the underlying model are specified semi-fog: .

. . . tereotypePerson for instances of meta-class Class

mally via a meta—model, descriptive text, and constralnts [20 1] If a person is in any composite relationship, it must be the composite.

The meta-model is itself a UML model that specifies thesgomype assocEnd oralimyEnd|

abstract syntax of UML models. This is much like using a myEndassociation.assocEnd->exists(@nyEnd |

BNF grammar to specify the syntax of a programming lan-  anyEndaggregation = composite) imples

guage. For example, the UML meta-model states that a Class MyEndaggregation=composie)

is one kind of model element with certain attributes, and that Rote: The above constraint is sufficient because the UML already

Feature is another kind of model element with its owrronstrains associations to have at most one composite end.

attributes, and that there is a one-to-many composition relg N

tionship between them. Semantic constraints are expressed‘k.s.e:f =il >S|ze)<0:10

the Object Constraint Language (OCL) which is based on v o
first-order predicate logic [22]. Each OCL expression is evalu- $_Company R
ated in the context of some model element (referred to as Employ; . Trains|;

“self) and may use attributes and relationships of that ele- [ Worker ] [ Trainee |
ment as terms. OCL also defines common operations on sets A A

and bags, and constructs for traversing relationships so that 0.* | :
attributes of other model elements may also be used as terms. Robot

Traversing a one-to-many or many-to-many reIationshipF

«Person» :
Employee

igure 1. An example design expressed in UML
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The labor union rule uses terms from the model to constraiarchitectures [13, 15]; henceforth we use “C2" to refer to the
the state of the system at run-time. In contrast, the Pers@ombination C2 and C2 SADL. In a C2-style architecture,
stereotype uses terms from the UML meta-model to constragonnectorstransmit messages between components, while
the model of the system. Traversing the “oclType” associationomponents maintain state, perform operations, and
allows us to refer to the meta-model, rather than the design exchange messages with other components via two
hand. Figure 2 shows the parts of the UML meta-model usdadterfaces (named “top” and “bottom”). Each interface

in this paper. We have simplified the meta-model for purposensists of a set of messages that may be sent and a set of
of illustration, but all the constraints we define can be easiljnessages that may be received. Inter-component messages
rewritten for use with the complete meta-model. are eitherequestdor a component to perform an operation,
2.3 Our Strategy for Adapting UML or notificationsthat a given component has performed an

operation or changed state.
One straightforward approach to using an ADL with UML is . £ four i | . |
to define an ADL-specific meta-model. This approach ha§ €2 component consists of four internal parts.ikterna
been used in more comprehensive formalization opbject stores state and implements the operations that the

architectural styles [1, 13]. Defining a new meta-model help§ompPonent provides. A wrapper on tieernal object

to formalize the ADL, but does not aid integration with monitors all request_ed operations and s&_a_nds' hotifications
standard design methods. By defining our new meta-classesggough the bottom interface. #ialog specificatiormaps
subclasses of existing meta-classes we would achieve soff@™ messages received to operations on the internal object.
integration. For example, defining Component as a subclass ptlor?arl]ly, atrandslatormdayt/) mocri]|fy Some messag(re]s SO 35 to
meta-class Class would give it the ability to participate in anfach those understood by other components, thus adapting
relationship in which Class can participate. This is basicallf* COMponent to fit into a particular architecture.

the integration_ that _We_desire. However, this integrationn the C2 style, components may not directly exchange
approach reqU|re|$lod|fact|0nst0 the meta-model that would messages; they may 0n|y do so via connectors. Each
notconformto the UML standard, therefore we cannot expectomponent interface may be attached to at most one
UML-compliant tools to support it. connector. A connector may be attached to any number of

For the reason above, we restrict ourselves to using UML@tr;er tt):omponer}‘ts and dgonf?ectorrls. Eequesrt]. messages g1ay
built-in extension mechanisms on existing meta-classes. Thi¥! 3? e sent “upward” t r?ug t € arc |tectur"e, an
allows the use of existing UML-compliant tools to represenfi©tification messages may only be sent “downward.

the desired architectural models, and style conformancehe C2 style further demands that components communicate
Checking when OCL-CompIiant tools become available. OUW|th each other On|y through message-passing’ never
basic strategy is to first choose an existing meta-class from thi&ough shared memory. Also, C2 requires that notifications
UML meta-model that is semantically close to an ADLsent from a component correspond to the operations of its
construct, and then define a stereotype that can be appliedifgernal object, rather than the needs of any components that
instances of that meta-class to constrain its semantics to thatrgteive those notifications. This constraint on notifications
the ADL. In the next two sections, we demonstrate thiselps to ensursubstrate independencenhich is the ability
Strategy and illustrate the results with example specificationsto reuse a C2 Component in architectures with diﬁering

3 INTEGRATING UML AND C2 substrate components (e.g., different window systems). The
. C2 style explicitly does not make any assumptions about the
3.1 Overview of C2 language in which the components or connectors are

C2 is a software architecture style for user interface intensiv@plemented, whether or not components have their own
systems [25]. C2 SADL is an ADL for describing C2-style



threads of control, the deployment of components to host8.3 C2 Components in UML

or the communication protocol used by connectors. The UML meta-class Class is closest to C2's notion of

Figure 3 shows an example C2-style architecture. This systeg®mponent. Classes may provide multiple interfaces with
consists of four components and two connectors. On@perations, may own internal parts, and may participate in
component is a database server, two are graphical usggsociations with other classe_s. However, there are aspects of
interfaces (GUI) to the database, and one is a window-systeiflass that are not appropriate, namely, they may have
binding. One GUI is for posing queries, viewing result, andnethods and attributes. In UML, an operation is a
making updates. The other GUI is for configuring the databagiecification of a procedural abstraction (i.e., a procedure
server. When either user interface is used to request Ségnature with optional pre- and post-conditions), while a
modification, a request message is sent upward to thHgethod is a procedure body. Components in C2 provide only
connector, and then to the database. When the datab&Rerations, not methods, and those operations must be part
performs an operation, a notification message is sent to ti§é interfaces provided by the component, not directly part of
connector and is ultimately received by both GuUIthe component. Furthermore, a C2 conceptual component is
components. This style of component interaction is influence@ssumed to have no state other than the state of its internal
by Model-View-Controller designs and supports multi-usefarts, and thus may have no direct attributes.

systems and multi-view interfaces [9]. StereotypeC2Interface for instances of meta-class Interface

UML provides constructs for modeling software [1] A C2 interface has a tagged value identifying its position.
components, their interfaces, and their deployment on host&Ps: enum{iop, botom}

However, these built-in constructs are not suitable fof2] All C2Interface operations must have stereotype C2Operation.
describing C2-style software architectures because thefodTypeoperion=>orAllo] ostereatype= C2Operaion)

assume both too much and too little. Components in UMIlStereotypeC2Component for instances of meta-class Class

are assumed to be concrete executable artifacts that take [l(pC2Components may not directly contain features (i.e., methods,
machine resources such as memory. In contrast, Qgerations, or attributes).

components are conceptual artifacts that decompose tf@fodTypefeatre>size=0

system’s state and behavior. C2 components may ke] C2Components must implement exactly two interfaces, which
implemented by concrete components, but they are natust be C2Interfaces, one top, and the other bottom.
themselves concrete. Furthermore, components in UML maggfocTypeinterface->size=2and

have any number of interfaces and any internal structuré‘?:f's(t’g'Type''”‘_e'TC""ZCIEL”(D‘Vr A"%nd

W_hereas C2 components must follow the C2-_style rulg%e,f.m%nt_em»m”czms:m)m

Since “vanilla” UML does not fit our needs, we will adapt it seffodTypeinterface->exists(i | i.c2pos = botiom)

to express several aspects of the C2 style. [3] Requests travel “upward” only, i.e., they are sent through top
3.2 C2 Operations in UML interfaces and received through bottom interfaces.
] Let topint = selff od Type interface->select(i|
The UML meta-class Operation matches the C2 concept of a ic2pos=top),
message specification. UML Operations consist of a namietbotnt=sef.ocType.nterface->select(|
and a parameter list (which may contain returned values). In'iczms_:bgml’(ol
Operations indicate whether they will be provided or (OlczopMsge anTpre:reqm) implles o.dir = require) and
required (i.e., they may be received or sent). Operations Mayiintoperaton->forAlio|
be public, private, or protected. To model C2 message (0.c2MsgType =request)impies o.0ir=provide)
specifications we add a tag to differentiate notifications fronfy; notifications travel “downward” only. Similar to the constraint above.

requests and constrain Operation to have no return valugs] Each C2Component has one instance in the running system.
C2 messages are all public, but that constraint is built intesfalinstances>size=1

the UML meta-class Interface used below. [6] C2Components participate in at most four whole-part

StereotypeC20peration for instances of meta-class Operation relationships named internalObject, wrapper, dialog, and translator.
[1] C20perations are tagged as either notifications or requests. Lagﬁzﬂ-%m-wm
c2MsgType : enum { notification, request } ( m"?ga“ﬂec #and pOStE;
[2] C2 messages do not have return values. ((wholes.association.name->asSet) - Set{
self parameter->forAll(p | p.kind <> retum) ‘intemalObject’, “wrapper”, “dialog’,
“franslator})->size =0

[7] Each operation on the internal object has a corresponding
notification which is sent from the component’s bottom interface.
Let ops =seffintemalObject feature->select(|

f>isKindOf(Operation)),
Let botint = seff.odType.interface->select( |
[ AdminGul | [ usercul | 1.€2pos = bottom),
ops>forAll(op |

botint>exists(note |
(op.name =note.name and
[ Window System _| op parameter = note.parameter) implies

Figure 3. An example C2 architecture for a database application o= requiredandnoec2VsgType= nolicaion)

| Database Component




3.4 C2 Connectors in UML «C2Component»
. Datagase omponent

C2 connectors share many of the constraints of C2 rqst rcvd update()
components. One difference is that they do not have any note sent updated()

. . rgst rcvd adminMode()
prescribed internal structure. Components and connectors note sent adminMode()
are treated differently in the architecture composition rules rgst rcvd changeSchemay)
discussed below. Another difference is that connectors may note sent changedSchema()
not define their own interfaces; instead their interfaces are «C2AttachUnderComp»

determined by the components that they connect.

We can model C2 connectors using a stereotype €ohn-One
C2Connector that is similar to C2Component. Below, we

reuse some constraints and add two new ones. But first, we
introduce three stereotypes for modeling the attachments of

«C2AttachOverComp

«C2AttachOverComp»

components to connectors. These attachments are needed to ‘Xé%;mpag‘; . “‘6%8;’;‘%’3[‘)?;“”
i ; rgst _sent adminMode rqst sent update
determine component interfaces. note rcvd adminMode() note rcvd updated()
r 2 AttachOverComo for instan f meta-cl A iatior| rdst  sent changeSchemay() note rcvd adminMode()
[Slt]e gth?tzcc:hmté?ﬁsoarg giﬁar@ gss:giaat(i:c?r?so eta-class Associatio note rcvd changedSchema() note rcvd changedSchema()
self.ocType.assocEnd->size =2 Figure 4. C2 architecture from Figure 3 expressed in UML
[LﬂeTr:E fisf;ft Ozgd of the association must be to a C2 component. other connectors’ bottoms (tops). Below, we also add two
=seffodType.assocend, new rules that guard against degenerate cases.
ends[1].multiplicity ="1..1"and 9 9 9
endsf1] dass stereotype = C2Component StereotypeC2Architecture for instances of meta-class SystemModel
[3] The second end of the association must be to a C2 connector. [1] A C2 architecture is made up of only C2 model elements.
Letends =seffodType.assocEnd, seff odType.modelElement->forAllme |
endsf2lmulipicity = 1.1 and me.sterectype f C2Componentor
ends{2] dlass stereotype = C2Connector x-m‘mm” -
stereotype = C2AtiachOverCom)
StereotypeC2AttachUnderComp for instances of meta-class me. =C2AttachUnderComp or

Association. Same as C2AttachOverComp, except that the first end musime.stereotype = C2AttachConnConn)

be to a connector, and the second end must be to a component. [2] Each C2Component has at most one C2AttachOverComp.
StereotypeC2AttachConnConn for instances of meta-class Associatiorl-etcomps =seffodType.modelElement->select(me |

[1] C2 attachments are binary associations. mestereotype = C2Component),

seffocType.assocEnd->size =2 N mf-mmmalp}me -

[2] Each end of the association must be on a C2 connector. [3] Each C2Component has at most one C2AttachUnderComp.

self.ociType.assocEnd->forAlliae |

aemultipicity =“1.1"and Similar to the constraint above.
aedlass stereotype = C2Connector) [4] C2Components do not participate in any non-C2 associations.
Let comps = seff.ociType. modelElement->select(me
[3] The two end are not both on the same C2 connector. mf’sfemype:yc"zemm), !
sefociType.assocEnd[1] class < comps.assocEnd.association->forAlla|
seffociType assocEnd[2) dass astereatype = C2AtiachOverComp or
StereotypeC2Connector for instances of meta-class Class astereotype = C2AttachUnderComp)
[1-5] Same as constraints 1-5 on C2Component. [5] C2Connectors do not participate in any non-C2 associations.
[6] The top interface of a connector is determined by the Let conns = self.ociType. modelElement->select(me |
components and connectors attached to its bottom. me stereotype = C2Connector),
Lettopint= seffodType.interface>seledy(| ic2pos= top), conns.assocEnd.association->forAli@ |
Let downAttach = self.od Type.assocEnd.associa- astereotype = C2AttachOverComp or
tion>select(a | arole[2] = self.ociType), astereotype = C2AttachUnderComp or
LettopsintsBelow = downAttach. [1]inter- astereotype = C2AttachConnConn)
face->select( | L2pos =top) [6] Each C2Com
ek : Set= . S ponent must be attached to some connector.
opsl o > =topint. Let comps = seff.odType.modelElement->selectime |

[7] The bottom interface of a connector is determined by the components - me-stereotype = C2Component),
and connectors attached to its top. This is similar to the constraint aboweMmps.assocEnd.association->size >0
; ; [7] Each C2Connector must be attached to some connector or component.
3.5 C2 Architectures in U_ML - Letoonns = sefodTypode ol
Now we turn our attention to the overall composition of  estereotype=C2Connecto),
components and connectors in the architecture of a systemensassocEndassociaion->size >0
Recall that well-formed C2 architectures consist of3 g Example C2 Architecture
components and connectors, components may be attached_to
one connector on the top and one on the bottom, and the t
(bottom) of a connector may be attached to any number

ure 4 shows the UML graphical notation for the same

stem shown in Figure 3 to illustrate the C2 style. We show
some operations and omit others as needed to clarify the
discussion below. Each element is marked with its stereotype



classes and instances. Since each class may have multiple
instances, associations between classes may have multiplicity
greater than one (e.g., there could be any number of employ-
ees in Figure 1). Furthermore, the features of an instance are
@ declared in its class. In contrast, the interface of a C2 connec-
tor is determined by context rather than declared, and the addi-
tion of a new component instance at run-time is considered an

Upoate 0a

architectural change. We addressed this difference by demand-
\ ing that each C2 component and connector have exactly one

Disable Use
Access

instance. If a system uses two connectors, they must each have
their own class in the design, although they may be imple-
mented by the same concrete components. Another concep-
Administrator End User tual difference is that it is legal for C2 messages to be sent and
not received by any component, whereas UML assumes that
every message sent will be received. We have declined to
address this last difference since it introduces more complex-

Figure 5. Some use cases for the example database system

The preceding section demonstrated that an ADL that
supports a specific architectural style can be modeled in

| not
I adminMode(tru

| anAdrT1|nGUI| | aCorImOne| |aDBIComp| | aUsngUl | ity than we feel it merits. As will be discussed more in
™ rgst | | : Section 5, our approach allows aspects of an ADL to be
adminMode(true), | \ expressed in UML or left to special purpose tools as desired.
r |
|:>t : | 4 INTEGRATING UML AND WRIGHT
|
|
|
|

P -

. UML. This section shows the applicability of our approach
! V|:| to a general-purpose ADL, Wright [1, 3]. A more recent
T \ | version of Wright also supports system families,
Figure 6. Sequence diagram for Disable User Access architectural styles, and hierarchical composition. We do not

address these newer features here, but believe that they could
in small double angle brackets. Alternatively, UML allows be incorporated into our model.

icons to be used to denote the stereotype. An architecture in Wright is described in three parts:
Given a C2 architecture that is modeled in UML, it can be component and connector types;

related to other standard UML model elements that ar& Ccomponentand connector instances; and
commonly used in software development. Figure 5 makes Configurations of component and connector instances.

explicit our assumptions about the kinds of users who wilynjike C2, Wright does not enforce the rules of a particular
use this system and their tasks. Figure 6 is a sequengge, but is applicable to multiple styles. However, it still

diagram showing how the system behaves in the context offaces certain topological constraints on architectures. For
particular use case. Explicitly modeling these aspects of thgcample, as in C2, two components cannot be directly
system enhances C2's support for component-baseghnnected, but must communicate through a connector; on
development of systems with complex user interfaces.  the other hand, unlike C2, Wright disallows two connectors

3.7 Benefits of Integrating UML and C2 from being directly attached to one another.

Adapting UML to enforce the C2-style rules has been fairlyrhe remainder of the section describes an extension to UML
straightforward, because many C2 concepts are found fier modeling Wright architectures. For brevity, stereotypes
UML. Neither C2 nor UML constrain the choice of and constraints are elided whenever they are obvious from
implementation language or require that any twothe discussion in this or the previous section.

components be implemented in the same language. Neithgr. ; P ;
C2 nor UML constrain the choice of GUI toolkits, or inter- 2'1. Behavioral Specification in Wright _ .
process communication mechanisms. Neither C2 nor UMIWright uses a subset of CSP [8] to provide a formal basis for
(as we have used it) assume that any two components runSRecifying the behavior of components and connectors, as
the same thread of control or on the same host. Both C2 aM¢l!l as the protocols supported by their interface elements.
UML limit communication to message passing and includé>iven that this subset “defines processes that are essentially
specifications of messages that may be sent and receivdijite state” [1], it is possible to model Wright's behavioral
Although we did not model details of the internal parts of éPecifications using UML's State Machines [21].

C2 component or the behavior of any C2 constructs, we fe@lsp processes are entities that engage in communication
those aspects of C2 could be modeled in UML. In fact, Weyents. An event, e, can be primitive, or it can input or output
provide an example of modeling behavior in the next sectiony data item x (denoted in CSP witk?x or elx ,

Some concepts of C2 are very different from those of UMLrespect_iver). CSP events are modeled in State Machines as
and object-oriented design in general. For example, mairfghown in Figure 7.

stream object-oriented design has a strict dichotomy between



e(x) gle(x) 4.2 Wright Component and Connector Interfaces in UML

(@) M (b) M Each Wright interface (port in a component or le in a

Figure 7. (a) A CSP event with input data, e?x, is modeled in connector) has one or more operations. In Wright, these
UML State Machines as a state transition event with no action. operations are modeled implicitly, as part of a port or role’s
(b) A CSP event, e, with output data, e!x, is modeled as a null CSP protocol. We choose to model the operations explicitly
state transition event that results in action e. in UML. The CSP protocols associated with a port or role

are modeled as WrightStateMachines.

CSP Concept CSP Notation UML State Machine . . . .
StereotypeWrightOperation for instances of meta-class Operation
_ _ b_ [1] WrightOperations do not have parameters; parameters are
Prefixing P=a-Q implicit in the CSP specification associated with each operation
Alternative e >sze=0
(deterministic | P=b Cﬂ c-» R StereotypeWrightinterface for instances of meta-class Interface
choice) [1] Wrightinterfaces are tagged as either ports or roles.
Wiightinterface Type : enum{port, role }
Decision ; ; ; ; ;
- [2] All operations in a Wrightinterface are WrightOperations.
(non-gr(]e(t)tiecrgr)umstl L P=d- q_| es> R seIf.ocl']'ype.operalio_n—>forAlI(0_|
o.stereotype = WhightOperation)
[3] Exactly one WrightStateMachine is associated with each
Parallel b= Q” R Wrightinterface.
Composition seffodType stateMachine->size = 1 and
seff.odType stateMachine->forAl(s |
s.stereotype =WiightStateMachine)
Success Event P= [4] In a WrightInterface, a WrightStateMachine is expressed only
in terms of that interface’s operations; these are operations on the

Table 1.UML State Machine templates for Wright's CSP constructs state machine’s call events.

- , _selfocType stateMachine fransiion->forAllt|
These two types of state transitions can be used in modelingteventType = calEvent) implies
more complex CSP expressions supported by Wright. Table 1 seffociType.operation->exists(o |
presents the mapping from CSP to State Machines using events ©=teventTypeoperaton))
with no actions (Figure 7a); the mapping for null events withA Wrightinterface, as modeled above, specifies the alphabet
actions (Figure 7b) is straightforward. It is possible for CSRf a port or role.
events to have no associated data (see Figure 8 below). In suc . .
a case, the semantics of State Machines force us to maké-g Wright Connectors in UML
choice as to which entities generate events and which obsereconnector type in Wright is described as a setotds,
them. We choose to model Wright ports and roles (describaeshich describe the expected behavior of the interacting
below) with event-generating actions, and computation andomponents, and glug, which defines the connector’s
glue with transitions that oberve those events. behavior, by specifying how its roles interact.

The state machines in Table 1 can be used as templates fr&¥de will model Wright connectors with the UML meta-class
which equivalents of more complex CSP expressions can glass. Wright connectors provide multiple interfaces (roles)
formed. Therefore, a “Wright” state machine is described bynd participate in associations with other classes (Wright
the following stereotypes. components). Wright connector types are assumed to have
no state other than the state of their internal parts, and thus

StereotypeWSMTransition for instances of meta-class Transition J/“ ay have no direct attributes.

[1] A transition is tagged as one of the two cases shown in Figure

WSMtransifonType : enum { event, action } StereotypeWrightGlue for instances of meta-class Operation
[2] An “event” transition consists of an event only (Figure 7a).  [1] WrightGlue is modeled as a WrightOperation.
seffocType WSMtransitionType = event implies seffocType.operation->forAl(o |
(seffodType.eventType = calEventand osstereotype =\WrightOperation)
seff.odType ActionSequence->size =0) [2] WrightGlue contains a single WrightStateMachine.
[3] An “action” transition consists of a null event and an action ~ sefocType stateMachine->size =1and
(Figure 7b). seffociType stateMachine->forAlls |
seffodType WSMrransiionType = action implies ssterectype = WrightStateMachine)
(seflodType.eventType->size =0and StereotypeWrightConnector for instances of meta-class Class
sef.odType ActionSequence.Action->size = 1) [1] WrightConnectors must implement at least one

StereotypeWrightStateMachine for instances of metaclass StateMaching/rightinterfaceType, which must be a role.
[1] A WrightStateMachine consists of one of the composite states SeffocTypeinterface->size >=1 and

discussed above, and partially depicted in Table 1. Each simple se!f.odType.lnt_erfac_e->fa'A|IG|

state may be refined as another WrightStateMachine. This 'Q’fm@hﬂ@mﬁi@m

constraint is elided in the interest of space. HATg ype=roe)

[2] All WrightStateMachine transitions must be WSMTransitions.
seff.odType transition->forAll(t | t = WSMTransition)



[2] A WrightConnector contains a single glue.
self.ocIType.operation->size =1 and
self.ocIType.operation->forAll(0 |

osstereotype = WrightGlue)

[3] The other end of the association must be to a Wright connector.
Let roles = seff.odType.assocEnd,

ends[2lmultiplicity =*1..1" and

ends[2] dass stereatype = WhightConnector

[3] Operations with no data and with input data that belong to the StereotypeWrightArchitecture for instances of meta-class SystemModel
different interface elements of a connector are the trigger events ifil] A WrightArchitecture is made up of only Wright model elements.

glue’s state machine.
selfodTypeoperation.stateMachine transition->forAll(t |
(teventType = calEvent) implies
self.ocIType.interface.operation->exists(0 |

seffocType elements->forAllie |

e stereotype = WrightComponent or
e stereotype = WrightConnector or
e stereotype = WrightAtiachment)

teven(Type.operation) [2] Each WrightComponent port participates in at most one

[4] Operations with output data that belong to the different interfac&VrightConnector role.

elements of a connector are the actions in glue’'s state machinetcomps=seffodType elements>select(e |

Similar to the above constraint. estereotype =WrightComponert),

[5] The semantics of a Wright connector can be described as the compsassocEnd->forAllae | ae inkEnd->size = 1)

parallel interaction of its glue and roles [1]. [3] Each WrightConnector role is fulfilled by at most one

seffocType stateMachine->size = 1 and WrightComponent port. Similar to the constraint above.

seff.odType siateMachine->orAlsm| [4] WrightComponents and WrightConnectors do not participate in any

sm.state->size =1 and sm.state->forAll(s | Ao g S X =y '
sodType = CompositeStateandsisConcuent = rueand non-Wright associations. Similar to constraints [4-5] in Section 3.5.

sstate> sz? =|1+ seffocTypeinterface> sze and The semantics of port-role attachments in Wright are formally

S.slate->exists (gs _ ) defined [3]. However, Wright places no language-level

SelfgsoaTSj"peof'Typer 'Oﬂemiwammm)m constraints on port-role pairs. Instead, establishing and
sstatesexists (s | s =i stateMachineop » enforcing these constraints is the task of external analysis tools.

[6] A WrightConnector must have at least one instance in the Hence, we provide no port-role compatibility constraints.

running system.
seffalinstances>size >=1

4.4 Wright Components in UML

4.6 Example Partial Wright Architecture

Having provided an extension to UML for modeling Wright
architectures, we now demonstrate how that extension is

A component type is modeled by a sepofts, which export used to describe a Wright specification. Figure 8 shows_ the
the component's interface, anccamputationspecification, Pipe connector example from [1]. The UML State Machine
which defines the component’s behavior. We model Wrighthodel of thePipeis shown in Figure 9. Wright's scoping of

components in UML with a stereotype WrightComponentevents is modeled in UML by prefixing every event's name
This stereotype has much in common with thewith the name of the role to which the event belongs. The

WrightConnector stereotype, and is thus omitted. g:las_s diagram foPipeis analogpus to the C_2 diagram shown
. ) ) in Figure 4, and has been omitted for brevity.
4.5 Wright Architectures in UML

We introduce stereotypes for modeling the attachments éf7 Be.neflts of Integrating UML an.d Wright ) ]
components to connectors and for Wright architecturedViodeling an ADL such as Wright in UML provides benefits
Unlike C2, which considers architectures to be networks dpoth to practitioners who prefer Wright as a design notation
abstract placeholders, Wright architectures are composed and to those who are more familiar with UML. Mapping a
component and connector instances. One solution we coMright architecture to UML enables a Wright user to
sidered was to define WrightConnectorinstance and Wrighteverage a wide number of general-purpose UML tools (e.g.,
Componentlnstance stereotypes and express architectufgide generation, simulation, analysis, reverse engineering,
topology in terms of them. However, we believe that it isand so forth). On the other hand, being able to map a UML
undesirable to introduce instances at this level, since we a
still dealing with design issues. Additionally, we have found
that most of the constraints on component and connect:
instances can be expressed in terms of their correspondi
types. Therefore, we refer to component and connector typs
in the stereotypes belotw.

connectorPipe =
role Writer = write . Writeff close- ./
role Reader =
let ExitOnly = close- /
in let DoRead = (read> Reader
[read-eof- ExitOnly)
in DoReadl ExitOnly
glue = let ReadOnly = Reader.read ReadOnly
[ Reader.read-eof
- Reader.close- /
[ Reader.close- ./
in let WriteOnly = Writer.write— WriteOnly
[ Writer.close— ./
in Writer.write - glue
[[Reader.read- glue
[ Writer.close» ReadOnly
[ Reader.closes WriteOnly

Figure 8. A connector specified in Wright (adapted from [1]).

StereotypeWrightAttachment for instances of meta-class Association
[1] Wright attachments are associations between two elements.
self.ociType.assocEnd->size =2

[2] One end of the association must be to a Wright component.
Letends =seffodType.assocEnd,

ends{1].muliplicity =“1..1"and

endsf1] class stereotype =WrightComponent

1.The one exception is in constraints 2 and 3 of the WrightArchitecture stere
type: “linkEnd” refers to an instance of a class (type).



Pipe UML's meta-model; however it is smaller and focuses on

€/W_write structural aspects of architectures.
£ e Full realization of ACME’s goals presents a number of chal-
o~ ) lenges. Complete, automated translation among a set of
€

ADLs requires a set of semantic mappings that involve every
concept of every ADL in the set, which may not be possible
given that different ADLs address different system aspects
DoRead and have different semantics. The translation approach
depends on exploiting constructs common to every ADL. At

€/W_clos

€/R_real Reader

g this point, the evident commonalities are syntactic rather
_ than semantic [15]. For these reasons ACME emphasizes a
N ExitOnly partial and incremental approach.
E/R_C'Osg ) ACME uses a seven element architectural ontology together
______________________________ with key-value pairs to represent arbitrary, uninterpreted
glue architectural features and a template mechanism that

R_read leverages commonalities. Like ACME, our approach uses a
fixed ontology (the UML meta-model), key-value pairs
(tagged-values), and templates (stereotypes). However, UML
provides much richer semantics due to its more
comprehensive meta-model and its first-order predicate logic
constraints.

W_write
7 7__ WriteOnly N A fundamental difference is that our approach does not use
C . kHB: L j: translation between notations, but rather uses a core model with
k Wkw”te W_clos / / several independent extensions. We use UML as our core model
and assume that developers are able to use UML constructs,

Figure 9. UML State Machine model of the Pipe connector. such as classes and use cases, in day-to-day development activi-

design of a system to Wright (by adhering to the constraint@es' We extend this core model with specific attributes and con-

specified in this section) would enable a UML designer t¢UaiNts as needed for specific analyses. As new issues of
utiize Wright's powerful analysis capabilities, such asCONCeN arise in development, new attributes may be added to

interface compatibility checking and deadlock detection. support analyses relevant to those concerns. The s_emantics of
the core model are always enforced by UML-compliant tools.
5 CORE MODELS AND EXTENSIONS The semantics of each extension are enforced by the constraints
Notational standardization has a wide range of benefits, & that extension and the constraints imposed by the desired
discussed in the introduction. The challenge ofanalyses. Dependencies and conflicts may arise between the
standardization is finding a language that is general enouge];trlbut_es in different extensions, and must_be handled by _devel-
to capture needed concepts without adding too muchPers just as they manage the other myriad dependencies and
complexity. It is tempting to extend the UML meta-model toPotential conflicts of software development. This situation is not
fully capture each feature of each ADL. However, such 4deal, but it is practical: it uses available methods and tools that
notation would be overly complex and incompatible with@'® well integrated into day-to-day development,. aqd it is incre-
standard UML tools. There has never been a Sing|g1ental. We feel that these features are key to bringing the bene-
programming language that served the needs of Allts of architectural modeling into mainstream use.
programmers, and there is no reason to expect a single AQk ysing a core model and extensions, the question arises of
to meet the needs of all software architects. This has led thghat should be in the core and what should be left to
software architecture community to attempt interchang@xtensions. Technical considerations play some role in this
rather than standardization of ADLs. decision. For example, ACME's simple architectural

ACME is an architecture interchange language that suppor@tology eases tool building, whereas UML's larger meta-
automatic transformation of a system modeled in one ADLmodeI presents a higher barrier. Development processes also
to an equivalent model in another ADL [6]. This allowsinfluence the core model. For example, object-oriented
architects to model and analyze their system architecture #£Sign and use cases are widely used by practitioners and
one ADL and then translate the model to another ADL fofirectly relate to day-to-day development activities. We
further analysis. Architects need not work directly with€hoose UML as our core model because it is grounded in
ACME; they may instead use the ADL and toolset that ighainstream development practices, already has substantial
most suited to the current issue of concern. ACME'd0ol support, and provides explicit extension mechanisms.

approach is easier than providing direct mappings betwegfigyre 10 sketches a process in which developers use the core
pairs of ADLs because the ACME language serves as afjodel and some available extensions for day-to-day
intermediate step and provides additional tool supporigevelopment concerns and takecess excursioras needed to
ACME's architectural ontologyplays a role analogous to address specific architectural concerns identified during the
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