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Abstract

To support rapid software evolution, it is desirable to construct software systems from reusable
components. In this approach, the architecture of a system is described as a collection of components
along with the interactions among these components. Whereas the main system functional blocks are
components, the properties of the system also strongly depend on the character of the component
interactions. This fact gave birth to the “ connector” concept which is an abstraction capturing the
nature of these interactions. The problem tackled in this paper is that even though the notion of
connectorsoriginatesin the earliest paperson softwarear chitectures[ 24, 18], connectorsarecurrently
far from being a typical first class entity in the contemporary component-based systems.

The authors address the problem by (1) bringing an additional argument in favor of considering
connectorsasfirst classentitiesrepresenting component interactionsand by (2) introducing a connector
model reflected at all the key stages of an application’s development: ADL specification, deployment,
and implementation.

By articulating the* deployment anomaly” , the paper identifiestherole connector s should play when
the distribution and deployment of a component-based application is considered. Based on basic
connector elements (both predefined and user-defined), a connector can be (at least) partially generated
fromits ADL generic description and fromtheinformation on depl oyment of the componentsit connects.
This way, the underlying code of a component-based application is advantageously factored into the
deployment-neutral part (comprising the “ real” application functionality located in components) and
deployment-sensitive part (embodied in connectors) which can be regenerated anytime the deployment
of the application is modified. As a proof of the concept, a case study is provided, illustrating how the
connector model can be integrated into the SOFA/DCUP component model.

1. Introduction

A few years ago, the trend to construct software systems as a collection of cooperating reusable
components emerged and has become widely accepted since. Influenced by the academic research projects
focused on components [9, 23, 25, 8, 1, 17, 6], several industrial systems on the market [26, 27, 15, 16,
29] advertise support of component technology.

Asfor components, thereisabroad agreement on grasping them asreusabl e black/grey-box entitieswith
well-defined interfaces and specified behavior. Usually, a component can have multiple interfaces; some
of them to provide services to the component’s clients, other to require services from the surrounding
environment. Components can be nested to form hierarchies; a higher-level component can be composed
of several mutually interconnected, cooperating subcomponents. Serving astool sfor specifying component

Thiswork ispartially supported by the Grant Agency of the Academy of Sciences of the Czech Republic (project
number A2030902) and the Grant Agency of the Czech Republic (project number 201/99/0244).



interfaces and architecture, a number architecture description languages (ADLSs) [9, 25, 1, 17, 13] have
been designed.

The notion of a connector can be found in many papers on software architectures [25, 1, 17, 12, 2].
Typically, aconnector isan architectural element that reflects the specific features of interactions among
componentsin asystem. Even though the notion of aconnector originatesin the earliest papers on software
architectures [24, 18], no widespread consensus on how to incorporate it into the existing program
development systems and languages has been reached until present.

1.1. Connectors: overview and related work

Nowadays, it is generaly accepted that understanding of a system architecture can be improved by a
precise specification of the interactions among the system’ s components. However, there is no consensus
on the form of such a specification. In the related work [9, 25, 1, 17, 13], the following three basic
approaches to specifying component interactions can be identified. In compliance with the terminology
coinedin[2, 11], these are: (1) implicit connections, e.g., in the Darwin language, (2) an enumer ated set
of built-in connectors, e.g., in the UniCon language, and (3) user defined connectors, e.g., in the Wright
language.

The Darwin language [9] is a typical representative of ADLSs that use implicit connections. The
connections among components are specified in terms of direct bindings of requires and provides
interfaces. The semanticsof aconnectionisdefined by the underlying environment (programming language,
operating system, etc.), and the communi cating components should be aware of it (to communicate, Darwin
components directly use ports in the underlying Regis environment).

The main drawback of the ADLs using implicit connections is the following. When specifying
interactions among componentsin asystem, it isconvenient to concentrate the specification of aparticular
interaction into a single abstraction unit (rather than spread it over the specifications of al components
involved in the interaction). Such an abstraction unit is usually called aconnector [25, 24, 1, 17]. In
addition to making system maintenance easier, loose coupling of components via connectors has a so other
benefits: direct support for distribution, location transparency and mobility of componentsin a system,
support for dynamic changes in the system’s connectivity, etc. The detachment of the communication
mechanisms from the component specification can also increase reusability (the same component can be
used in avariety of environments, each of them providing specific communication primitives).

The UniCon language [25] is arepresentative of ADLswhere connectors are first class entities. Inthis
language, a developer is provided with a selection of severa predefined built-in connector types that
correspond to the common communication primitives supported by the underlying language or operating
system (such asRPC, pipe, etc.). The semantics of aparticular interaction is defined by the connector type
selected to reflect this interaction. The most significant drawback of a UniCon-like ADL is that the
predefined set of connector types reduces the range of possible component interactions that can be
expressed by the language (there is no way to capture any interaction among components that does not
correspond to a predefined connector type).

User defined connectors, the most flexibl e approach to specifying component i nteractions, areemployed,
e.g., in the Wright language [1]. The interactions among components are fully specified by the user, i.e.
the system developer. Every interaction in a system is represented by an instance of a connector type.
Complex interactions can be expressed by nested connector types. To specify the protocols of component
interactions, Wright usesamaodified Hoare's CSP notation [5]. Themain drawback of the Wright language
is the absence of any guiddines as to how to realize connectors in an implementation. (In Wright,
connectorsexists at the specification level only, which resultsin the problem of how to correctly reflect the
specification of a connector in its implementation.)

Recently, based on athorough study of existing ADLs, Medvidovic et al. [12] presented aclassification
framework and taxonomy of software connectors. This taxonomy is an important attempt to improve the
current level of understanding of what software connectors and their main building blocks are. Not
addressing al theissues of designing connector types, it isfocused mainly on classification (and therefore
better comprehension) of connector types. In addition, the selection of basic connector typesin [12] may



be questionable, as not all of them seem to be at the same abstraction level (e.g., adaptor, arbitrator and
distributor vs. procedure call, event, and stream).

1.2. Challenges and the goals of the paper

The common objection against considering connectors as separate first class entities is that component
interactions can be expressed by dedicated “ communication” components; in other words, that thereisno
need for another abstraction to represent component interactions. However, those opposing thisview argue
that there are intrinsic differences between a“communication” component and an “ordinary” component.
These differences, emphasizing arguments in favor of separating these two abstraction, include: (1)
Difference in lifecycle (an ordinary component encapsulates a specific functionality and, typically, can
execute autonomoudly, while acommunication component exist only to servetheinteraction needs of other
components [17, 7]). (2) Difference in component types genericity (communication component types
inherently have to allow for a type parameterization in component interfaces [24]).

Thefirst goa of the paper isto bring an additional argument in favor of considering the communication
components as separatefirst class entities- connectors; thisargument, articul ated asdepl oyment anomaly,
is based on showing that there is an important difference between deployment of an ordinary component
and of acommunication component, leading to the necessity to treat these two concepts as separate first
class entities.

As[12] indicates, avariety of possible interactions among components exist. The complexity of some
interactions far exceeds the description abilities of current ADLs. An effective way to understand and
describe a complex interaction is to factor it (recursively) into parts covering different (and possibly
orthogonal) aspects of its nature. The elementary parts identified in this factorization should be simple
enough to be implemented and reasoned about. Similarly, the connector type representing an interaction
should be constructed as a hierarchy of internal elements reflecting the interaction’s factorization. The
second goal of the paper isto capture thisideain a connector model.

The paper has the following outline. Reviewing the basic ADL concepts, Section 2 briefly introduces
the SOFA component model also used in an evolving example throughout the paper. In Section 3, the
deployment anomaly is introduced. The set of basic connector tasks and requirements is identified and
studied in Section 4. A new connector model is proposed in Section 5. As a proof of the concept, it is
integrated into the SOFA/DCUP component model in Section 6. Finally, the main achievementsand future
intentions are summarized in the concluding Section 7.

2. A component model and case study

2.1. SOFA/DCUP component modd - the basics

In SOFA, an application isviewed asahierarchy of software components. Analogouswith the classical
concept of an object as an instance of a class, a software component is an instance of a component
template (template for short). In principle, atemplate is a component type defined by a pair <component
frame, component architecture>. The component frame of a template T defines the interfaces of T's
instances. Theseinterfaces specify the sets of serviceseither provided or required. Simply, the component
frame provides a black-box view of T'sinstances, while the component ar chitecture provides a gray-box
view of each of T'sinstances by describing itsinternal structure in the terms of its direct subcomponents
and their interactions (interfaceties). A component architecture can be specified asprimitive which means
that there are no subcomponents and the component frame is directly implemented in the underlying
implementation language. If acomponent C isan instance of T which isbased on a primitive architecture,
we say that C isaprimitive component, otherwise C is a composed component. Templates are specified
inthe SOFA CDL (Component Definition Language) [13]. The DCUParchitectureisaspecific architecture
of SOFA components which allows for their safe updating at runtime [19].



2.2. Case study: Banking demo

In this section, we illugtrate the basic SOFA concepts on a simple example - the BankingDemo
application. Consider a bank in which a number of tellers serve a potentialy huge number of customers.
Each customer requests a teller to perform a desired financia transaction(s) on an account(s). Certain
transactions, such as an overdraft, require theteller to ask the supervisor for an approval. On demand, the
construction and activity of the running Bank Demo application can be monitored via a specialized
visualization tool. Each of this entities can be modeled as a component (Figure 1).

Eim

Customer

VisualLog
Window

)  Requires interface B Provides interface

Figure 1 BankingDemo Architecture

The core of the application is an instance (hamed aBank) of the Bank template (Bank component for
short). The Bank component internally contains an array of Teller subcomponents( T[1], T[2], ..., T[N]),
the Supervisor subcomponent, and the DataStore subcomponent. As illustrated in the following CDL
specification fragment, the Bank component provides NoT instances of Tellerlnterface, each of them being
tied (delegated) to the TellerInterface of a Teller subcomponent.

The remaining part of the application isformed by the Customer and Visual L ogWindow components,
the latter serving for system administration purposes. The Customer components model the behavior of
bank customers by requesting randomly chosen bank tellers to perform transactions on accounts. The
Customer components also send event messages to those Visual L ogWindow components that subscribed
to receive them. The communication of the Customer components with the Bank componentsis based on
procedurecalls, whileall theinteraction with the Visua L ogWindow componentsisbased on event delivery.
As an aside, it is assumed that the only source of active threads in the application are the Customer
components.

Thefollowing pieceof codeillustratesthe core of theBank’sCDL description. (Similar to CORBA IDL,
the interface type specifications are omitted.)

/1 a frame X specifies instances of Dat aSt orel nterface DataStore;
/1l provides and requires interfaces of X requires:
frane Bank { Logl nterface LogW ndow;
provi des: b
Tellerlinterface Teller[1..NoT]; frame Supervisor {
requires: provi des:
Logl nterface LogW ndow; Supervi sorlnterface Supervisor;
; requires:
frame DataStore { Dat aSt orel nterface DataStore;

provi des: Logl nterface LogW ndow;



b requires:
frane Teller { Tel l erl nterface BankTel l er;
provi des: Logl nterface LogW ndow;
Tellerlnterface Teller; }s
requires: frame Vi sual LogW ndow {
Dat aSt orel nterface DataStore; provi des:
Supervi sorlnterface Supervisor; Logl nterface LogW ndow,
Logl nterface LogW ndow; };

} .

franme Custonmer ({

/1 an architecture X version "n" defines the inplenentation version n of frame X
/1 at the first level of conponent nesting

architecture DataStore version "1.0" primtive;

architecture Supervisor version "1.0" primtive;

architecture Teller version "1.0" primtive;

architecture Custoner version "1.0" primtive;

architecture Visual LogW ndow version "1.0" primtive;

architecture Bank version "1.0" {
/1 an inst TF X specifies the instance (nanmed X) of a subconponent deternined
/1l so far by the frame TF (the architecture of X will be determ ned at the
assenbl y
/1 time (Section 3.1)
i nst DataStore DS;
i nst Supervisor Sup;
inst Teller T[1..NoT];
/1 subcomponent ties (bind, delegate, and subsune);
/1 bind = provides interface instance to requires interface instance
bi nd Sup. DataStore to DS. Dat aSt ore;
bind T[1..NoT].DataStore to DS. Dat aStore;
bind T[1..NoT]. Supervi sor to Sup. Supervi sor;
/1l delegate = provides to provides
del egate Teller[1..NoT] to T[1..NoT]. Teller;
/1 subsume = requires to requires
subsune DS. LogW ndow to LogW ndow,
subsune Sup. LogW ndow to LogW ndow;,
subsune T[1..NoT].LogW ndow to LogW ndow;
1

/1 architecture of the application, inplenments the frame System
system archi tecture Banki ngDeno version "1.0" {

i nst Bank aBank;

i nst Visual LogW ndow LW

i nst Customer C[1..NoC;

bind C[1..NoC].Teller to aBank. Teller[?];

bi nd aBank. LogW ndow to LW LogW ndow,

bind C[ 1..NoC]. LogW ndow to LW LogW ndow,
b

3. Therole of deployment in application/component lifecycle

3.1. Component lifecycle

The lifecycle of a component is characterized by a sequence of design time, deployment time, and run
time phases (potentially repested due to design revisions and maintenance). In a more detailed view, a
design time phaseis composed of the following design stages: devel opment and provision, assembly, and
distribution.

Design time

Development and provision. At thisstage, acomponent isspecifiedin CDL by itsframeand potentia ly
several architectures, each of them being a design version of the frame. More formally, several templates
based on the same frame are developed and provided, forming a set of templates { <F,A,>, <F,A>, ...
,<F,A>} asillustrated in Figure 2. Any template with primitive architecture (e.g. DataStore, Supervisor,



and Teller in BankingDemo) hasto be accompanied by itsimplementationin the underlyingimplementation
language. The actual specification of an architecture A is aways based on the frames of A’'s
subcomponents (and not on the architecture of those subcomponents). For instance, in Figure 2, the frame
Fsuez 1S implemented by two different architectures: Ag,, and Agys. While Ag,; is primitive, Ag, iS
composed of two subcomponents Sub,;, and Sub,,; the employment of these subcomponents in Ag,, IS
determined at thelevel of their framesFg 1, Fsunze- Thisway, the specification of an applicationisfactored
into ahierarchy of aternating layers*“frame—architecture—frame—... “. In principle, the topmost frame,
Fs,«em defines the requires interfaces reflecting the system services available to all applications in the
underlying system environment (referred to as “deployment dock” in Section 3.2), and the provides
interfaces viawhich the system environment can control an application, e.g. its run time lifecycle stage.

Assembly. The goal of this design stage is to F
assemble the executable form of the component o s
based on a frame F. Assembling an executable
form of the Application means reducing its
development tree (Figure 2) in such a way that g \

each frame node has only one successive A pplicationi
architecturenode. Thisprocessstartsat F g ge, With
choosing one particular template
<Fs,semPappiicaon=>+ 1T Apppiicaionl 1S NOL primitive,
suchtemplate selection isapplied recursively to all

framesinvolvedin A yicaioni- Thisprocess ends by Fsun Foun
creating an assembled tree of Application' which
represents a particular version of this application.
Consequently, an executable form of the
application/component isbased on all the primitive A A A
architectures involved recursively in the respective Subl Sub2 Sub3
assembled tree of Application’ .
Distribution. An application composed of
components can be distributed. To address
distribution, the goal of this design stage is to Fauor Fouoo
divide the assembled tree of Application' into
deployment units. The components forming a Figure 2 A hierarchy of frame/architecture

deployment unit are to be submitted to a single

deployment dock for instantiation. In principle, a deployment dock serves as a component factory and
controls the lifecycle of a running component. For example, a deployment dock can be based on Java
Virtual Machine with a ClassLoader modified to launch components, an EJB container [27], a CORBA
implementation repository, etc. As an aside, we assume that a deployment unit can contain just asingle
primitive component in asimple case, and a primitive component cannot be divided into more deployment
units sinceitsinternals areinvisible.

Deployment time

The goa of the deployment time phase is to achieve deployment of an Application' , i.e. to associate
each of the deployment units of this application with areal deployment dock (e.g., identified by its URL),
submit al the componentsin the application to relevant deployment docks, and | et these deployment docks
start the application.

Run time

In arun time phase of a component’s lifecycle, execution of the component code takes place (in the
genera case with subcomponents deployed over a network). The key executable code implementing the
functionality of the component is located in those of its subcomponents the architecture of which is
primitive.



3.2. Deployment anomaly

As to the distribution and deployment of a composed component, the following two approaches are to
be considered: (1) A deployment unit boundary (“deployment boundary” for short) cannot cross aframe
boundary. Thus, in the case of composed components, deployment boundaries can cross the component
interfaceties, but not the component/frame boundaries (Figure 3). Moreover, the deployment description
of composed/nested components can be done advantageoudly on atop-down basis, following the hierarchy
of components.

|:| requires interface

I provides interface

deployment
boundary

(j component

Figure 3 Deployment boundaries crossing interface ties

(2) Deployment boundaries are orthogonal to component/frame boundaries. Thus, deployment
boundaries can cross a component/frame boundary (recall that a primitive component cannot be divided
into more deployments units). On Figure 4, the respective aternatives are analyzed given the components
C, A, B and their ties from Figure 3. In the a), b) and ¢) cases, the deployment boundary crosses the
internal interface ties. Consider now that A is composed; in such a case, d) leads recursively to one of the
aternatives a) - d) since the distribution boundary crosses A’s boundary. If A is primitive, it cannot be
divided into more deployment units, i.e. d) is nhot possible, and therefore the deployment boundaries can
cross component tiesonly - similarly to (1). This reasoning impliesthat thereis no difference between (1)
and (2) in terms of deploying primitive components. As to composed components, the following two
problems are not easy to overcome: (i) the deployment description cannot parald the hierarchy of
component nesting, and (i) the deployment of a composed component into more deployments docks may
be a complex process.

Figure 4 Deployment units orthogonal to components



Also, thereisno difference between (1) and (2) in thefollowing issue: If adistribution boundary crosses
the interface tie of two components A and B, the actua deployment of A and B in genera substantialy
influences the communication of A and B. For example, in Figure 5 the method calls on the r and g
interfaces haveto be modified in order to use an appropriate middleware technique of remote method calls,
e.g. RMI stub and skeleton is to be employed. These modifications include changes to the interna
architectures of A and B . Analogously with theinheritance anomaly concept [10, 21], werefer tothiskind
of a post-design modification of a component enforced by its deployment as deployment anomaly.

As aquick fix, one can imagine employing an ordinary component DC mediating the communication
of A and B (Figure 6). In principle, however, this leads to the deployment anomaly again: (1) If a
component DC was added to handle change in communication enforced by the deployment, the parent

Figure 5 Modifying components architecture internally during deployment

component of A and B would be modified by this adjustment of its architecture; (2) Asitisunreditic to
imagine a primitive component spanning more deployment docks (and we assume thisis not permitted),
DC hasto be considered a composed component; this leads to the issue of adjusting the internals of some
inner components of DC, similarly to Figure 5.

1) Component added to

\ handle changes eforced by
\ deployment of A and B
2) Deployment specified

explicitly - as if it were a
regular component

7

i
Figure 6 Adding a component to reflect change in deployment

Toillustrate the deployment anomaly on the BankingDemo example, consider the following deployment
scenarios for the Bank component. (1) The whole Bank component is to be deployed into a single
deployment dock with al of the Bank’s subcomponents. Since all the interactions among the Bank’'s
subcomponents are based on procedure calls, the procedure call swithin the Bank component arelocal cals
only (Figure 7a). (1) The DataStore component is to be deployed in a separate deployment dock. Thus,
inside the Bank component, al the interactions with the DataStore component have to be modified to be
based on remote procedure calls. This is the post-design modification enforced by this particular
deployment, affecting the Teller, Supervisor, and DataStore components (Figure 7b). Similarly, adding the
mediator components RPC1 and RPC2 to encapsul ate the remote communi cation (Figure 7¢) does not help
much since it is necessary to post-modify the architecture of the parent Bank component.
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DataStore
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——Z— Remote procedure call
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Supervisor

Figure 7 Deployment anomaly

3.3. Targeting the deployment anomaly: connectors

Basically, the deployment anomaly could be addressed by introducing a first class abstraction which
would be: (a) inherently distributed (a boundary of distribution could cross it), (b) flexible enough to
accommodate changes to the component communication enforced by a particular deployment. The
connector abstraction can meet thisrequirement if defined accordingly: In order to address the deployment
anomaly issue in full, a connector should exhibit the following properties: (1) It should be a part of the
system architecture from the very beginning (being afirst class entity at the same abstraction level asa
component). (2) In order to absorb the changes in component communi cation induced by the modification
of deployment, a flexible parametrization system of the connector internals has to be provided. (3) To
reflect inherent distribution, the deployment of a connector should not be specified explicitly; it can be
inferred from the deployment description of the componentsinvolved in the communication the connector
mediates (Figure 8). As aconsequence, the lifecycle of a connector inherently differs from the lifecycle of
a component; moreover, its underlaying code has to be (semiautomatically) generated as late as its
deployment is known - see Section 5.3.3.

1)Takes parameters to

absorb changes in
deployment of A and B
2) Deployment

specified implicitly -
inferred from the
deployment of A and B

Figure 8 Connector accepting deployment modification



4. Basic Connector Tasks

Let us consider a connector to be a first class entity representing a particular interaction among the
components of an application at both the architecture description level and implementation level. To
understand the connector concept properly, it is necessary to identify and analyze the basic tasks a
connector should perform. In the process of such an identification, the taxonomy of software connectors
presented in[12] can be used for guidance. From the main service categories and the basic connector types
of this taxonomy, we have selected the following list of connector tasks that we consider the key ones:
control and data transfer, interface adaptation and data conversion, access coordination and
synchronization, communication intercepting, and dynamic component linking. Each of these tasks covers
a different aspect of the component interactions. Being a result of many experiments with the connector
design, thisparticular sel ection reflects our aim at building hierarchically structured connectors. In Section
6, we will show that most of the basic connector tasks can be provided through a smple hierarchical
composition of afew primitive connector elements.

It should be emphasized that, first of al, connectors are intended to target the communication at the
underlying middleware level and not to address, e.g., the classical communication protocol stack issues.

4.1. Control and data transfer

The most obvious connector task is to specify a particular interaction among components in terms of
possible control and/or datatransfer. A connector specifies the mechanisms on which such an interaction
is based (like procedure call, event handling, and data stream). Each of these mechanisms has specific
characteristics and properties. For example, a procedure cal can be local or remote. As to a remote
procedure call, various kinds of middleware can be used to implement it (such as CORBA, Java RMI,
SOAP[31]). Similarly, event handling can be based on an event channel, the publisher-subscriber pattern,
a centralized event queue etc.

4.2. Interface adaptation and data conversion

When building an application composed of reusable components, a system devel oper can face the need
to tie two (or more) components that have not been originally designed to interoperate. Therefore, their
interfaces are mogt likely incompatible. However, if they are “similar enough”, a possible solutionisto
mediate such aninteraction viaan adaptor converting the calls between theseinterfaces. A straightforward
ideaimplied by this thought isto conceptually include an adaptor into the connector abstraction.

Asmentioned in [16], thereis the option (and challenge) to devise a mechanism for automatic or semi-
automatic generation of al the necessary interface adaptors and/or data convertors.

4.3. Access coordination and synchronization

In principle, the ordering of method calls on acomponent’ sinterface isimportant (the protocol concept
in [14]). The permitted orderings are usually determined by a behavioral specification of the component
(e.g., interface, frame and architecture protocols in SOFA [20], CSP-based glue and computation in
Wright). Thus another basic connector task is access coordination and synchronization - enforcing
compliance with the protocal of an interface (set of interfaces).

As an example, consider a server component implemented for a singe-threaded environment. If the
component is to be deployed into an environment with multiple concurrent client threads, it is necessary
to seridize all the client threads before entering the component. This can be achieved by designing a
connector mediating the clients' access to this component and ensuring (and internally implementing) the
necessary synchronization.

4.4. Communication inter cepting

Since connectors mediate all interactions among components in a system, they provide a natura
framework for intercepting component communication(without the participating components being aware
of it). For example, such an interception can be used to implement various filters (with applications in



cryptography, data compression, etc.), to implement mechanisms for monitoring the load of a particular
component in the system, and to implement a support mechanism for debugging.

4.5. Dynamic component linking

Since most of the information related to component interactions is concentrated in connectors, the
connectors decouple the interacting components from each other; this alows for easy dynamic
modifications of components ties. Thus, a potential connector task is dynamic component linking in
support of avariety of dynamic changes to the system architecture and deployment (such as component
migration and replacement).

5. Connector Model

Toreflect avariety of interactionsamong componentsin ahierarchically structured system, aconnector
moded supporting the creation of a connector by a hierarchical composition of itsinterna elementsisa
natural choice. This complieswith the observation that the complexity of interactions among components
depends on the granularity of the system’s architecture description. A finer granularity of description
implies a larger number of components with simpler interactions, while a coarser granularity implies a
smaller number of components with more complex interactions.

Inthis section, we propose aconnector model designed asfollows: Every interaction among components
in asystem (application) is represented by a connector which is an instance of a connector type. Being
generic (parameterized) in principle, aconnector typeisapair <connector frame, connector architecture>.
A generic parameter of a connector type can be (1) an interface type parameter or (2) a property
parameter. Given a connector type, the connector frame specifies the black-box view of aconnector type
instance, while the connector ar chitecture specifies the structure of a connector type instancein terms of
itsinternal elements(primitive elements, component i nstances, and i nstances of other connector types) and
their interactions. A more detailed description of the key concepts of the connector model isprovidedinthe
rest of this section.

. Provides role O Requires role __________ Deployment unit

Internal elements: @Primitive element l:l Connector C] Component

Figure 9 Connector moddl: @) simple architecture, b) compound architecture

5.1. Connector frame

A connector frame is represented by a set of named roles. In principle, arole is a generic interface of
the connector intended to be tied to a component interface. In the frame's context, arole is either in the
provides role or the requires role position. A provides role serves as an entry point to the component
interaction represented by the connector typeinstance and isintended to be connected to arequiresinterface
of acomponent (or to arequires role of another connector). Similarly, arequires role servers as an outlet
point of the component interaction represented by the connector type instance and is intended to be
connected to a provides interface of a component (or to a provides role of another connector). In generd,
roles are entities with generic interface type parameters; a concrete interface type of the role is specified
as an actual parameter at the instantiation time of the connector type. The following fragment of ADL



specification illustrates the role specification written in the SOFA CDL notation [13] (a proposed
enhancement to the SOFA CDL). Note that the Rol e interface is a generic interface (expressed by the
keywordt enpl at e) parameterized by an interface type T. The Rol e interface provides the methods
commonto al roles (defined in the Rol eBase interface), all the methods of T, and amethod for linking
aroleto other dements(intheLi nkabl e interface). The Roleinterfaceisthe samefor both providesand
requires roles.

tenpl ate interface Linkable {
void link(in Object target) raises LinkException;

interface Rol eBase : Linkable {...};
tenplate interface Role<T> : Rol eBase, T {};

5.2. Connector architecture

Depending ontheinternal elementsemployed, aconnector architecture can besimple or compound. The
internal elements of a simple connector architecture are primitive elements only (Figure 9a). Being the
basic building blocks, primitive elements are directly implemented by the underlying environment
(determined by the programming language and operating system used, etc.). Primitive elements are typed;
however, their types are usualy generic (both theinterface type and property parameters are allowed). For
every primitive element type, itsfunctionality specification writtenin plain Englishisprovided. Theprecise
specification of a primitive element type' s semanticsis given by its mappings to the concrete underlying
environments. As an example, consider the stub and skeleton primitive element types. Their specification
written in plain English might read: “ stub and skel eton provide the standard marshaling and unmarshaling
functionality known from the remote procedure call mechanism”. Each of these elementsis parameterized
by its remote interface type and by the underlying implementation platform (specified as a property
parameter). The mappings of the stub and skeleton element types exist for each of the implementation
platforms supported (CORBA, JavaRMl, etc.). For examples of simple connector architectures, we refer
the reader to Sections 6.1.1.1 - 6.1.1.3.

Theinternal elementsof acompound connector architectureareinstancesof other connector typesand/or
components (Figure 9b). This concept alows for creating complex connectors with hierarchically
structured architectures reflecting the hierarchical nature of component interactions. As an example of a
hierarchically structured interaction, consider a pair of components, sender and receiver, interacting by
exchanging events. At afiner granularity of description, an event channel component can mediate the event
exchange, i.e., the original interaction can be hierarchically decomposed into simpler interactions of the
sender component with the event channel component and of the event channel component with the receiver
component. For an example of the compound connector architecture supporting event handling, we refer
the reader to Section 6.1.2.

5.3. Connector lifecycle
The connector lifecycle substantially differs form the component lifecycle. It can be viewed as a
sequence of the design time, instantiation time, deployment and generation time, and runtime phases.

5.3.1. Connector design

To define aconnector type, it isnecessary to specify itsframe and architecture. The frame specification
involves specifying all the provides and requires roles and their generic parameters. As to the connector
architecture, specifying acompound connector architectureissimilar to specifying acompound component
architecture- theconnector internalsare described in termsof itsnested component and connector instances
and their interconnections. A simple connector architecture isbased on primitive elementstypes. For each
of the primitive element types, its description in plain English hasto be provided together with adefinition
of its mappingsto concrete underlying environments (at |east one mapping hasto be provided). Moreover,
the connector interna architectureisto be described in terms of its primitive elements instances and their
interconnections. Note that most of the primitive elements present in the connector architecture are usualy
generic (employing both interface type and property parameters).



Since connectors are inherently distributed entities, the last step of a connector type's devel opment
process is the specification of potentia distribution boundaries. This is done by dividing the connector
architectureinto anumber of disjoint deployment units. A deployment unit isformed by therolesand those
internal elements designed to share the same deployment dock.

5.3.2. Connector instantiation

The second stage of the connector lifecycle consist in instantiating the connector types within an
application. For every connector instance, since the actua interface types of the components connected by
the connector instance are known at this stage, the interface type parameters of the connector’s roles can
be resolved. Also the need for certain primitive elements (such as interface adaptors) to be present within
the connector architecture arises. Nevertheless, a part of the connector instance remains generic - due to
the unresolved property parameters related to a future deployment of the connector.

5.3.3. Connector deployment and generation

Its natural that connectors are deployed at the same time as the components the interactions of which
they represent. During the deployment phase, each of the connector’s deployment units is assigned a
specific deployment dock to be deployed into. The actua deployment dock of the connector’ s deployment
units can be inferred from the locations of the components interconnected by the connector.

Once the deployment of a connector is known, the connector’'s implementation code is (semi-
automatically) generated according to the communication primitives offered by the deployment docks's
underlying environments. Note that the generated code of the primitive elements either follows their
mapping to the underlying programming environment, or it can be null (e.g., thereisno need for an adaptor
if the interfaces of the connected components match).

A typica scenario of the code generation of a connector isasfollows: (1) Using a deployment tool, the
deployment of components (the interaction of which the connector represents) is specified. (2) Each of the
selected deployment docks is then asked whether it is able to automatically generate the implementation
code of thoseinternal elements of the connector that are intended to be deployed in it. (3) The deployment
dock replies the list of technologies offered by its underlying environment on which the generated
implementation could be based. If the connector implementation cannot be automatically generated by the
deployment dock, the returned list isempty. (4) All theselists are searched by the deployment tool in order
to find amatch in the offered technologies. (5a) If amatching technology exists, the deployment docks are
asked to generate the connector’ simplementation code for thistechnology. (5b) If no matching technology
exists, the user is given an option either to change the application’s deployment, or to provide the
connector’s implementation manually. For an example of the connector deployment and implementation
code generation, we refer the reader to Section 6.2.

6. Case Study

As aproof of the concept, the connector model described in Section 5 have been integrated into the
SOFA/DCUP component model. This section describesthisintegration thusintroducing the SOFA/DCUP
connector mode!.

6.1. SOFA/DCUP connector s

Similar to SOFA components, aconnector in SOFA isaninstance of aconnector template. A connector
templateisin principle a connector type. Like a component template, a connector template CT is a pair
<connector frame, connector architecture>; connector templates are specified in an enhancement of SOFA
CDL. The connector frame provides the black-box view of an instance of CT; it defines the interface by
indicating its provides and requires roles. The gray-box view of an instance of CT is provided by the
connector architecture.



6.1.1. Predefined connector types
To avoid specifying the frequently used connector types repeatedly, SOFA/DCUP provides a set of
predefined connector types. CSProcCall, EventDelivery, and DataStream.
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Figure 10 @) CSProcCall connector type, b) EventDelivery connector type,
¢) DataStream connector type, d) EventChannel Delivery connector type

6.1.1.1 CSProcCall

CSProcCall is the predefined connector type representing the (possibly remote) procedure call
interaction semantics. The interaction is based on the existence of multiple caller entities (client
components) invoking operations on a definer entity (server component).

The CSProcCall frame consists of a single requires role connecting a server component (sRol e), and
of multiple provides roles connecting client components (cRol e[ 1] - cRol e[ N] ). All of the roles are
generic entities with interface type parameters.

The CSProcCall architecture is simple. It consists of severd primitive elements interconnected in the
way illustrated on Figure 10a). The cl nt er cept or and sl nt er cept or instances of Tl nt er cept or
provide a framework for plugging in an additional connector to support logging, debugging, etc.
Tl nt er cept or is based on a calback notification of the registered (subscribed) entities. An interface
adapt or can beincluded in a connector instance in the case when a particular client’ sinterface does not
match the server interface. A (TSt ub, TSkel et on) instance pair is used in the case when a remote
invocation is needed. These primitive elements provide the standard RPC marhalling/unmarshalling
functionality. A synchr oni zer can be included into a connector instance in the case when the server
component requires client invocations to be synchronized when accessing its interface.

The CSProcCall connector type consists of several deployment units. There is a single server
deployment unit (composed of sRol e, sl nt er cept or, synchroni zer, and of all server skel et on
instances) and multiple client deployment units (each of them composed of cRol e, cl nt ercept or,
cAdapt or, and ast ub). Thereisone client deployment unit per connected client component. The actual
deployment of each unit is inferred from the deployment of the connected components (e.g., the server
deployment unit has to be deployed into the same deployment dock as the server component).

The following fragment of ADL source text illustrates the main parts of the CSProcCall CDL
specification. For brevity, the CDL specifications of other connector types are omitted in this paper.



connector franme CSProcCal |l <T[1..NoC], ST> (Properties properties){
provi des: Rol e<T[1..NoC]> CRol e[1..NoC;
requires: Rol e<ST> SRol e;

b

tenplate interface TIinterceptor<T> : T, Linkable {
void linkNotificationDistributor(in T distributor) raises LinkException;
1

tenpl ate interface TAdaptor<T1, T2> : T1, Linkable {};
tenplate interface TStub<T> : T {};

tenplate interface TSkel et on<T> : Linkable {};

tenpl ate interface TSynchroni zer<T> : T, Linkable {};

connector architecture CSProcCall {

inst Tinterceptor<T[1..NoC]> clnterceptor[1l..NoC;
nst TAdaptor<T[1l..NoC], ST> adaptor[1l..NoC;
nst TSt ub<ST> stub[1l..No(C;

nst TSkel et on<ST> skel eton[1.. NoS];

nst TSynchroni zer <ST> synchroni zer;

nst Tl nterceptor<ST> slnterceptor;

del egate CRole[1..NoC] to clnterceptor[1l..No(C;
bind clnterceptor[1l..NoC] to adaptor[1l..No(C;
bi nd adaptor[1..NoC] to stub[1..NoC];

bind stub[1..NoC] to skeleton[l..NoS];

bi nd skel eton[ 1..NoS] to synchroni zer;

bi nd synchroni zer to slnterceptor;

subsune slnterceptor to SRol e;

b

6.1.1.2 EventDelivery

Event Ddivery is the predefined connector type designed for (possibly distributed) event-based
communication reflecting the publisher-subscriber design pattern. The interaction assumes the existence
of asingle event supplier entity (supplier component) invoking operations on the subscribed consumer
entities (consumers components).

The EventDelivery frame consists of a single provides role to connect an event supplier component
(SRale) and multiple requires roles to connect consumer components (cRol e[ 1] - cRol e[ N] ). All of
these roles are generic entities with interface parameters. Based on concrete consumer and supplier
components interfaces, the exact role types are specified at the time of a connector instantiation.

TheEventDelivery architectureissimple. It consistsof several primitive el ementsconnected asindicated
onFigure10b). Thedi st ri but or primitiveelement collectsreferencesto the subscribed event consumers
and digtributes each of the supplied events by calling the appropriate method on the registered consumer
interfaces (sequentially or in pardld).

The EventDélivery connector type contains severa deployment units. There is a single supplier
deployment unit (composed of sRol e, sl nt er cept or,di stri but or,andall thest ubs) andmultiple
consumer deployment units (each of them is composed of cRol e, cl nt er cept or, adapt or, and a
skel et on). There is one consumer deployment unit per connected consumer component. The concrete
deployment of each deployment unit is inferred from the deployment of the connected components (the
supplier deployment unit hasto be deployed i nto the same depl oyment dock asthe supplier component, each
of the consumer component unitshasto be depl oyed together with the corresponding consumer component).

6.1.1.3 DataStream

DataStream is the predefined connector type representing the point-to-point transfer of alarge amount
of (possibly raw) data from a sender to areceiver components.

The DataStream frame consists of two provides roles connecting the sender component in the push or
pull mode (pushSRol e and pul | SRol e ), and of two requires roles connecting the receiver component
in the push or pull mode (pushRRol e and pul | RRr ol e).

The DataStream architecture consists of several primitive elements connected as indicated on Figure
10c). The primitive elements sender and recei ver form the pair of elements that specifies the
mechanism used to perform the data transmission (TCP/UDP protocol, Unix pipe, etc.).



The DataStream connector type consists of two independent deployment units. There is a sender
deployment unit (composed of pushSRol e, pul | SRol e, sInterceptor, and sender) and a receiver
deployment unit (composed of pushRRol e, pul | RRol e, rinterceptor, and r ecei ver ). The concrete
deployment of each unit is inferred from the deployment of the connected components (the sender
deployment unit hasto be deployed into the same deployment dock as the sender component, the consumer
component unit has to be deployed together with the receiver component).

6.1.2. Congtructing new connector types

The process of creating a new connector type starts with specification of its frame and architecture.
Recall that primitive elements (forming simple architectures), and instances of other connector types
together with instances of any component types (forming compound architectures) can be used as building
blocks for the connector architecture. When introducing a new primitive element type, its semantic
description written in plain English and the mappings to the underlying environments should be provided.
This can be illustrated on the example of EventChannelDelivery, a new connector type reflecting event-
based communication via an event channel.

The EventChannel Delivery connector type should reflect the supplier-consumer pattern in such away
that multiple suppliers send data asynchronously to multiple consumersthrough an event channel. Similar
tothe CORBA Event Service, thisconnector typewill provide both the pull and push communication model
for suppliers and consumers. In the push mode, the supplier objects control the flow of data by pushing it
to consumers. In the pull mode, the consumer objects control the flow of data by pulling it from the
supplier. The EventChannel Delivery connector insul atesthe suppliersand consumersfrom having to know
which mode is being used by other components connected to the channel. This means that a pull supplier
can provide data to a push consumer and a push supplier can provide datato a pull consumer.

The EventChannel Delivery connector frame consists of multiple roles that alow to connect supplier
components in both the push and pull modes (PushSRole and PullSRole) and multiple roles that allow to
connect consumer components in both the push and pull modes (PushCRole and PullCRole). All of the
connector’ s roles are generic entities with interface parameters.

Thearchitecture of the EventChannel Delivery connector typeiscompound. Asdepicted on Figure 10d),
the core element of the EventChannelDelivery architecture is an instance of the Event Channel
component. The other internal elements of EventChannel Delivery are: two instances of the CSProcCall
connector type (one to alow multiple suppliers to push data to the event channel, the second to dlow
multiple consumers to pull for data from the event channel), and two instances of the EventDelivery
connector type (one to pull for data from multiple suppliers, and the second to push data to multiple
consumers).

Asanext step, the architectureisto be divided into deployment units. Thisdivisionisdetermined by the
deployment units of itsinternal elements. The channel deployment unit groups together the EventChannel
component with those deployment units of theinternal connector instances that are tied to this component.
The madification of the remaining deployment unitsis obvious.

6.2. Using SOFA/DCUP connectors

To demonstrate how the SOFA/DCUP connectors can be used, consider the BankingDemo application
introduced in Section 2.2. Thefollowing fragment of its CDL specification illustrates how its architecture
description is to be modified if connectors are used.

architecture Bank version "1.0" {
i nst DataStore DS;
i nst Supervisor Sup;
inst Teller T[1..NoT];
bi nd Sup. DataStore to DS. Dat aStore using CSProccCall;
bind T[1..NoT].DataStore to DS. Dat aStore using CSProcCall;
bind T[1..NoT]. Supervi sor to Sup. Supervisor using CSProcCall;
del egate Teller[1..NoT] to T[1..NoT]. T Teller using CSProcCall;
subsune DS. LogW ndow to LogW ndow usi ng CSProcCall;
subsune Sup. LogW ndow to LogW ndow usi ng CSProcCal | ;
subsune T[1..NoT].LogWndow to LogW ndow usi ng CSProcCall;



b

syst em Banki ngDenp version "1.0" {
i nst Bank aBank;
i nst Visual LogW ndow LW
i nst Customer C[1..No(C;
bind C[1..NoC].Teller to aBank. Teller[?] using CSProcCall;
bi nd aBank. LogW ndow to LW LogW ndow usi ng Event Del i very;
bind C[1..NoC].LogW ndow to LW LogW ndow usi ng Event Delivery;

Asaresult of assembling the application, itsassembly descriptor is created. In principle, the assembly
descriptor is atext representation of the application’s assembled tree - Section 3.1.

During the distribution design stage, the application is decomposed into deployment units in order to
group together those components that should share the same deployment dock. An assembly descriptor
enriched by the specification of deployment units is caled a deployment descriptor form. It is a key
document used in the process of the application’s deployment. The deployment descriptor form of the
BankingDemo application could be:

depl oynent Banki ngDenp architecture "1.0" {
uni ts:
BankUnit {
| ocation: <URL>;
conponent s:
aBank {
architecture "1.0";
uni ts:
StaffUnit {
| ocation: <URL>;
conponent s:
Sup {architecture "1.0";};
T[*] {architecture "1.0";};

1
Dat aUnit {
| ocation: <URL>;
conponent s:
DS {architecture: "1.0";};
i

1
C*] {architecture: "1.0";};

1
Admi nUnit {
| ocation: <URL>;
conponent s:
LW*] {architecture: "1.0";};

For simplicity, assume that the whole BankingDemo application is written in Java and we have two
SimpleJava deployment docks running in our network. The SimpleJava deployment dock is formed by a
sngleJavaVirtual Machinewith a ClassL oader modified to load, instantiate, and run SOFA components.

When deploying the BankingDemo application, the target deployment dock hasto be specified for each
of its deployment units (by filling the concrete deployment docks URLSs in the “location” tags of the
deployment descriptor form). The deployment can be modified before any of the application’s executions
starts.

Examples of deployment scenariosfor the BankingDemo application were presented in Section 3.2 (for
sake of brevity, we focus on the Bank component’s deployment). The first scenario assumes the whole
Bank component to be deployed into asingle deployment dock with dl of the Bank’ s subcomponents. This
can be expressed by the following fragment of deployment descriptor:

aBank {
architecture "1.0";



units:
StaffUnit {

| ocation: sofa://nenya.ns.nff.cuni.cz/sinple_java_dock;
conponent s:
Sup { architecture "1.0";};
T[*] {architecture "1.0";};
1
Dat aUnit {
| ocation: sofa://nenya.ns.nff.cuni.cz/sinple_java_dock;
conponent s:

DS {architecture: "1.0";};

Let usfocus on the Sup and DS subcomponents connected by a CSProcCall connector instance. Since
the DS component shares the address space with the Sup component and their interfaces match, asimple
local procedure call connector (with no stub, skeleton, and adaptor) is generated in cooperation with the
target deployment dock to mediate their interaction (Figure 114).

a) b)
) DataStore DataStore

StaffUnit

Supervisor Supervisor

——>»  Localprocedure call ~  — - —-— Distribution boundary
— == Remote procedure call

Figure 11 Example Bank deployments

Now, consider the second deployment scenario which assumes the DS component being deployed in a
separate deployment dock. This can be expressed by the following fragment of deployment descriptor:

aBank {
architecture "1.0";
units:
StaffUnit {
| ocation: sofa://nenya.ns.nff.cuni.cz/java_dock;
conponent s:
Sup { architecture "1.0";};
T[*] {architecture "1.0";};
1
DataUnit {
| ocation: sofa://bilbo.mnms.nff.cuni.cz/java_dock;

conponent s:
DS {architecture: "1.0";};



Since the DataStore component does not share the address space with the Supervisor component (they
are deployed into two different SimpleJava deployment docks), a cross-address space communication is
needed. SimpleJava deployment docks provide two mechanisms for making remote procedure calls - Java
RMI and CORBA. Sinceboth target deployment docks are of the same nature, any of these mechanism can
be used to generate the stub and skeleton internal el ementsincluded in the resulting connector (Figure 11b).

7. Evaluation and Conclusion

In this paper, we have elaborated the idea of considering connectors asfirst class entities representing
theinteractions among componentsin an application. To meet the first goal of the paper stated in Section
1.2 (bringing an additional argument in favor of connectors asfirst class entities), we have focused on the
lifecycle of an application, emphasizing especialy its deployment phase. (Note that in software industry
supported technologies, e.g., [15, 16, 27], a deployment of the system is typically specified by means of
deployment descriptors, however, none of them employs connectors. Similarly, none of the experimental
ADL systems, such as [17, 23, 8, 25, 1], targets the deployment issue directly nor combines it with
connectors). In Section 3.2, we have shown that in a distributed environment, deploying architectures
composed solely of components leads to the deployment anomaly (post design modifications of the
application’ s components are enforced by deployment modifications). To avoid the deployment anomaly,
itisnecessary to factor the application into the deployment-neutral part (comprising the“real” application
functionality located in components) and deployment-sensitive part, which can be regenerated anytimethe
deployment of the application is modified. The deployment sensitive part of the application is located in
dedicated entities (connectors) with lifecycle different from the lifecyle of the components.

The second goal of the paper wasto propose anovel connector model allowing to express and represent
avariety of possible interactions among components in an application at al key stages of the application
lifecycle. Addressing this goal, we have first identified and articulated a set of requirements on such a
connector model (Section 4). To meet the requirements, we have specified the model based on hierarchical
structuring of a connector: Every connector type representing a (possibly) complex interaction among
components is created (recursively) as a hierarchy of internal elements. Connector types with smple
architectures (procedurecall, datastream, event handling, etc.) are composed entirely of primitiveel ements,
while connector types with compound architectures are hierarchically composed of instances of other
connector types (connectors), and instances of component types (components). Elementary enough to be
implemented and reasoned about, primitive e ements can be easily composed into simple hierarchies to
fulfill most of the basic connector tasks identified and analyzed in Section 4.

Possibly the closest to our work are the connector models employed in UniCon and Wright. A key
contribution of our connector model it that it addresses both the specification and implementation of
connectors of arbitrary complexity. As mentioned in Section 1, recent connector models only allow for
either specifying connector types of arbitrary complexity on an abstract level with no direct relation to
potential implementation and deployment (Wright), or for implementing a small set of simple connector
types (UniCon).

Having finished a pilot implementation of our connector model, our current work isfocused on finding
techniquesfor automatic generation (or at least semi-automatic generation) of primitiveelements, including
interface adaptors, stubs and skeletons for remote communication, etc. We believe this can be done by
defining a mapping of every primitive element type to the primitives of the underlying programming
environment. Since primitive elements are mostly generic entities, the mapping will be used to generate a
concrete element for each set of its actual parameters. Another future intention is to apply behaviora
protocols [20] in connector specification to express the interplay of itsinterna elements.
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