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1. Introduction

Component-based development (CBD) aims to develop software
systems by reusing pre-existing software components rather than
coding them entirely from scratch. In this context, there is a gen-
eral understanding of components as reusable building blocks of
computation that are composed together into larger composites.

The achievement of this goal depends not only on the availabil-
ity of the components, but also on how the components are assem-
bled together, and what kind of composition mechanisms are used.
We believe that current CBD approaches have not yet entirely suc-
ceeded in developing different software systems by composing
pre-existing software components.

In current CBD approaches (Lau and Wang, 2007), components
are either constructed from scratch or, because of the nature of the
composition mechanisms used, an integral part of the composition
mechanisms themselves. Constructing components from scratch
goes against the spirit of composing pre-existing components,
which is the basis of CBD. On the other hand, components contain-
ing very specific composition information are highly coupled with
the components with which they communicate, which hinders
their reuse for the construction of different systems. Additionally,
such components become more complex due to the mixing of two
basic concerns: computation and composition. We believe that in
CBD, the separation of computation from composition is a funda-
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mental pre-requisite, as the reuse of computation is a key issue.
Separating computation from composition means that system spe-
cific composition issues are not in components and therefore com-
ponents can be reused many times for constructing different
systems, so that reuse is really maximised.

Thus, in Lau et al. (2005) we introduced an alternative compo-
sition approach based on connectors that encapsulate schemes to
deal with communication and coordination among components.
These connectors are not built into the components, so that they
are indeed first-class compilation units and the sole medium of
communication and coordination among components. In Lau
et al. (2007b,a, 2005), we have introduced some basic connector
types. In this paper, we further elaborate on these and other new
connectors and classify them in a catalogue for supporting the pro-
cess of development with reuse (Sommerville, 2004). The categories
and connector types in the catalogue resulted from an analysis of
the activities involved in this process, as well as taking into consid-
eration the syntax and semantics of a new component model that
we have proposed (Lau et al., 2006).

In Section 2, we explain the generalities of our connectors with-
in the context of the new component model. Next, in Section 3, we
introduce the catalogue and justify the proposed connector catego-
ries: (i) adaptation connectors and (ii) composition connectors. In
Sections 4 and 5, we describe the connector types in (i) and (ii),
respectively. In Section 6, we discuss the differences between con-
nectors to support development with reuse and connectors to sup-
port development for reuse (Sommerville, 2004). In Section 7, we
briefly discuss the use of the catalogue of connectors in practice. Fi-
nally, in Sections 8 and 9 we discuss and evaluate the material pre-
sented in this paper and state the conclusions and future work.
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2. A new view of connectors within a new component model

The concept of composition encapsulates the notion of taking
two or more components and putting them together in some
way. Composition should be constructive. That is, it should result
in a new entity that has some of the properties of its constituents.
However, this view of composition has been neglected in the
majority of CBD approaches due to the nature of the composition
mechanisms employed. Our connectors fill this gap. By way of con-
trast, before explaining our connectors, we first analyse the notion
of “composition” and the mechanisms used in current CBD
approaches.

Current component-based approaches (Lau and Wang, 2007)
tend to use composition mechanisms that fall into two main cate-
gories: (a) direct message passing and (b) indirect message passing.

Connection by direct message passing corresponds to direct
method calls, see Fig. 1a. In general, in the direct message passing
scheme, there are two distinct roles: the sender and the receiver
of a message. The identity of the receiver is either statically known
to the sender or it is dynamically evaluated at execution time.
From the sender’s point of view, the identity of the receiver is
known a priori, but the receiver does not have to know the sender
at all. The “send” operation is generally targeted by the sender at a
specific set of receivers. When components are connected by direct
message passing any data flow and control flow related to the “com-
position” is mixed with the computation preformed in the individ-
ual components. Thus, there is no explicit code for connectors,
since messages are ‘“hard-wired” into the components; it makes
the sender and receiver components tightly coupled with one
another. Similarly, there is no explicit code for the resulting
“composition”.

Remote procedure calls (RPC), method and event delegation are
well-known examples of direct message passing schemes. Exam-
ples of component models that adopt direct message passing are
EJB (EJB Web Page), CCM (CORBA Component Model Web Page),
and KobrA (Atkinson et al., 2001).

Connection by indirect message passing is exemplified in
Fig. 1b. Here, connectors are separate entities that are defined
explicitly. Typically they are glue code or scripts that pass mes-
sages between components indirectly. To connect a component
to another component a connector is used that, when notified by
the former, invokes a method in the latter. In general, when com-
ponents are connected by indirect message passing, the data flow
related to the composition is separated from the computation in
the individual components. However, this does not necessarily
mean that control flow is separated from computation, since the
information passed from and to a component may contain method
calls. As a result, components are tightly coupled by connectors.
Although they are separate entities, connectors are usually not in-
tended to be defined and deposited in a repository. Rather, they are
pieces of code generated for specific sets of components. Therefore,
these connectors are not reusable.

Examples of component models that adopt indirect message
passing are Koala (Ommering et al.,, 2000), PECOS (Nierstrasz
et al,, 2002), JavaBeans (JavaBeans Web Page) and some Architec-
ture Description Languages (ADLs) (Medvidovic and Taylor, 2000;

& Connector ‘

‘ [ component

Clements, 1996) such as C2 (The C2 Style Web Page) and ACME
(Monroe et al., 1997).

Fig. 1a and b illustrate that, in these composition approaches,
the data flow and control flow required to set up the component
composition originates in and flows from the components. In other
words, components deal not only with computation but also with
communication (data flow) and coordination (control flow). By con-
trast, in our approach all the communication and coordination
originates in and flows from connectors, leaving components to
encapsulate only computation. We call these connectors exogenous
connectors (Lau et al., 2005; Lau and Ornaghi, 2009), because in
contrast to existing connectors, they encapsulate all the communi-
cation and coordination outside the components. Our components
represent loci of computation in a software system. However, they
do not request services from other components. Rather, they per-
form their provided services only when invoked by connectors,
according to the communication and coordination schemes these
connectors encapsulate.

As we will describe later, the control schemes encapsulated in
our connectors are analogous to either control structures that can
be found in most programming languages or to well-known behav-
ioural patterns. For example, we have a Selector connector which se-
lects the execution of the computation of only one component
from a set of components, on the basis of the value of a Boolean
expression. As can be inferred, the communication and coordina-
tion scheme encapsulated by the Selector connector is analogous
to the if-then-else control structure. However, it is important to
emphasise that the communication and coordination schemes
encapsulated in our connectors exclusively deal with the commu-
nication and coordination issues among a set of components,
rather than the schemes required by each component to perform
its own computation.

Fig. 1c shows the connectors in our approach. As can be seen,
components do not call methods in other components. Instead,
all method calls are initiated and coordinated by the connectors.
The round dots denote the origins of the communication and coor-
dination. This is in clear contrast to both Fig. 1a and b where com-
ponents originate communication and coordination.

In the new component model, software systems are described
in terms of two kinds of distinct elements: components and connec-
tors. Fig. 2 shows a system architecture in such a context. It con-
sists of a hierarchy of connectors (K; —Ks) representing the
system’s communication and coordination, sitting on top of com-

input :  poutput

[ System

] Component
Composite

@D Connector

=% Control Flow

Fig. 2. A system architecture in our approach.

Fig. 1. Component composition via (a) direct message passing, (b) indirect message passing and (c) exogenous connectors.
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Fig. 3. An idealised component life cycle.

ponents that provide the computation performed by the system.
Independently of its type and arity, any connector works as a com-
position operator that promotes compositionality (Lau et al., 2006);
that is, when applied to components it yields another component.
The resulting component can in turn be a subject of further compo-
sition. This is illustrated in Fig. 2 by the inner dotted boxes which
represent composite components.

In our approach, any assembly of components is built in a hier-
archical bottom-up manner while the execution of the resulting
system is carried out top-down. A system architecture has a set
of possible execution paths, but only one execution path is exe-
cuted at any one time according to the input data and the type of
connectors in the hierarchy. The dotted arrows in Fig. 2 show
one possible control flow path of the depicted system, which in-
volves the execution of the computation in the components C1,
C3 and C4-Cé6. The output generated is given at the end of the sys-
tem execution via the top-level connector.

Now that the generalities of our connectors and their role in the
new component model have been explained, in the following sec-
tion we describe the proposed catalogue.

3. The proposed catalogue

Our catalogue of connectors is defined within the context of an
idealised component life cycle (Lau and Wang, 2007). This life cycle
considers both the development for reuse and development with re-
use processes, as CBD is concerned with both the development
(development for reuse) and consumption (development with re-
use) of reusable software components throughout the develop-
ment lifecycle. The idealised life cycle considers the former
processes by defining three main phases: design, deployment and
runtime.

Fig. 3a depicts the design phase in the idealised component life
cycle. The focus of this phase is on component development. In the
design phase component developers generate a set of components,
so that these components work as templates, i.e. generic skeletons
which can be reused for the construction of different systems with-
in an application domain. The design phase embodies the process of
development for reuse; accordingly we have considered in this
phase activities such as component analysis and design, component
implementation and component storage. Note that, besides con-

structing atomic components,! we also construct composite compo-
nents by using design phase connectors, e.g. in Fig. 3a B and C are
retrieved from a repository and later composed into a composite
component BC via a Builder Tool. Thus, within the component imple-
mentation activity it makes sense to distinguish between component
construction and component composition.

Fig. 3b depicts the deployment phase. In this phase system devel-
opers assemble binary components together by using deployment
phase connectors to create ready-to-run systems. Ideally, deploy-
ment phase composition should be carried out on components
generated during the design phase. This is convenient because it
leads to a scenario where reuse is maximised and components
are indeed units of third-party composition. The deployment phase
corresponds to the process of development with reuse so that, be-
sides system analysis and design, system implementation, the activi-
ties in this phase also include component selection.

Finally, Fig. 3c illustrates the runtime phase where the con-
structed system is loaded, instantiated and executed in the run-
time environment (RTE). This phase is also part of the process of
development with reuse. Currently we have not further elaborated
on the activities in this phase. However, it may be desirable to
adapt component instances dynamically to re-configure the exe-
cutable system.

The connectors proposed in our catalogue are meant to be uti-
lised to support the process of development with reuse. Specifi-
cally, the system implementation activity depicted in Fig. 3b. As
introduced before, component-based systems are built by compos-
ing pre-existing components retrieved from a repository (prefera-
bly via an assembler tool). In practice, however, it is common that
the composed components often do not fit each other and changes
need to be made to eliminate these conflicts. The process of chang-
ing the component to use in a particular application is often re-
ferred to as adaptation (Bosch, 1999). Thus, within the system
implementation activity we consider not only component composi-
tion but also component adaptation.

By analysing the data flow and control flow required in com-
mon component-based applications, a set of useful communication
and coordination schemes, that can be defined as specific connec-

1 We consider an atomic component as the most basic kind of component in the
component model.
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Table 1
A catalogue of connectors to support development with reuse.

Category Type

Guard
Condition-controlled loop
Counter-controlled loop
Delay

Adaptation connectors

Composition connectors Sequencer

Pipe

Selector

Observer

Chain of responsibility
Exclusive choice sequencer
Exclusive choice pipe
Simple merge sequencer
Simple merge pipe

tor types, has been identified. The schemes in the set are analogous
to either control structures that can be found in most programming
languages or to behavioural patterns.

Table 1 shows the proposed catalogue. As can be seen, the cat-
alogue is organised in two categories: (i) adaptation connectors and
(ii) composition connectors. In the following sections, we describe
these categories and the connector types therein.

4. Adaptation connectors

In the context of CBD, system developers perform component
adaptation to tackle component mismatches to obtain customised
versions suitable for the systems being developed. Component
mismatches can be found at different levels, from small syntactic
differences to complex semantic ones (Becker et al., 2006, 2004).
These mismatches can be fixed by a wide range of component
adaptation techniques, e.g. (Becker et al.,, 2006; Kim and Lee,
2005; Heineman, 2000; Bosch, 1999; Heineman and Ohlenbusch,
1999).

Given the nature of our connectors, we cannot tackle issues re-
lated to syntactic mismatches, e.g. operation names, filtering of

Table 2
Set of adaptation connectors.
Type Description
Guard Used to ‘guard’ the execution of the

computation in the adapted component

according to the evaluation of a Boolean

expression

Used to repeat the execution of the

computation in the adapted component

according to the evaluation of a Boolean

expression

Used to repeat the execution of the

computation in the adapted component a

specific number of times

Delay Used to delay the execution of the computation
in the adapted component a specific period of
time

Condition-controlled loop

Counter-controlled loop

output

operations, parameter names, etc. However, we can adapt the com-
ponents by adding some control to alter the existing functionality
in a component via an adaptation connector.

An adaptation connector is a unary connector. It can be seen as a
kind of “prefix” for adding an extra bit of control to a component.
The adaptation connector adapts the component in the sense that
before any computation takes place inside the component, the exe-
cution of the control scheme encapsulated by the connector is exe-
cuted first.

Table 2 presents the set of adaptation connector types in our
catalogue as well as the corresponding descriptions. The set in-
cludes the guard, condition-controlled loop, counter-controlled loop
and delay connectors. Fig. 4 illustrates the behaviour of the result-
ing assemblies by using a customised UML activity diagram nota-
tion, which allows us to focus on the flows of control and data.
In this notation, the dotted boxes represent the resulting assem-
blies. The boxes with the computation label represent the computa-
tion in the adapted components. An edge connecting two diagram
elements represents the control flow along the direction of the
edge. Any data required in the assembly to perform the corre-
sponding computation is denoted as the input label. The result gen-
erated by the assembly execution is denoted as the output label.

Fig. 4a depicts the case of the guard adaptation connector. As
can be seen, any computation in the adapted component is condi-
tional upon the value of a boolean expression (expr) being true.

Fig. 4b and c depict the cases of the condition-controlled loop and
counter-controlled loop, respectively. These two connectors provide
a looping control scheme. In the case of the condition-controlled loop
connector, the iterative execution of computation in a component
is performed until a boolean expression is not satisfied. In the case
of the counter-controlled loop the computation is executed repeat-
edly a fixed number of times. Once the expressions that allow
the iterations are not satisfied, no further execution is performed,
which is denoted by the termination symbol in Fig. 4b and c.

Finally, the Delay connector, depicted in Fig. 5¢, delays the exe-
cution of the computation in the adapted component for a speci-
fied period of time.

Now that we have described the set of adaptation connectors, in
the following section we present the types defined in the composi-
tion connector category.

5. Composition connectors

As the name suggests, composition connectors are n-ary con-
nectors used to support component composition. Table 3 presents
a more detailed description of some of the composition connectors
introduced in Table 1. We call them basic composition connectors,
to differentiate them from composite composition connectors,
which we will explain in Section 5.1.

Fig. 5 illustrates the communication and coordination scheme
of each one of these composition connectors. As before, the dotted
boxes represent the resulting assemblies and the computation i
boxes represent the computation in the composed components.
An edge connecting two diagram elements represents the control
flow along the direction of the edge. Any data required in the

Fig. 4. Behaviour of assemblies resulting from (a) Guard, (b) condition-controlled loop, (c) counter-controlled loop and (d) delay connectors.
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Table 3
Basic composition connectors.

Type Description

Sequencer (SQ)

Provides a composition scheme where the computation
in the composed components is executed sequentially
one after another

Provides a composition scheme where the computation
in the composed components is executed sequentially
one after another and the output of an execution is the
input of the next one and so forth

Provides a composition scheme where the computation
in only one of the composed components is executed
based on the evaluation of a boolean expression

Pipe (P)

Selector (SL)

assembly to perform the corresponding computation is denoted as
the input label. The result generated by the assembly execution is
denoted as the output label.

Both the Sequencer and Pipe composition connectors can be
used to compose a set of two or more components so that the exe-
cution of each one of them is carried out in a sequential order, see
Fig. 5a and b. In the case of the pipe connector, it also models inter-
nal data communication among the composed units, so that the
output generated by a component’s execution becomes the input
to the next one in the chain.

The selector composition connector, Fig. 5c, corresponds to the
branching control scheme. Thus, it can be utilised to compose a
set of two or more components so that the execution of only one
of them is carried out, the selection being based on the evaluation
of a boolean expression (expr i in Fig. 5c).

5.1. Composite connectors

In our approach a set of adjacent connectors in a system hierar-
chy can be regarded as a single composite connector, e.g. the con-
nectors K; —Ks in Fig. 2. Composite connectors are complex
connection mechanisms specifically designed to facilitate the com-
munication among the components in a system. While basic con-
nectors such as the sequencer, pipe and selector provide only one
type of communication and coordination scheme, composite con-
nectors combine many types. Composite connectors reduce the
levels and complexity in system architecture so that the composi-
tion is more efficient.

In software engineering, patterns are understood as valuable
architectural design aids applicable to recurring problems in spe-
cific design contexts. Although it is difficult to classify patterns, it
is generally accepted that architectural patterns (Kuchana, 2004),
design patterns (Gamma et al., 1995), and workflow patterns (Rus-
sell et al., 2006) exist. Some of these patterns focus particularly on
behavioural issues. That is, they are specifically concerned with
communication between the participating units. Therefore, behav-
ioural patterns provide suitable guidance for creating useful com-
posite connectors.

We have defined the following composite composition connec-
tors: observer, chain of responsibility, exclusive choice sequencer,
exclusive choice pipe, simple merge sequencer and simple merge pipe.
Table 4 describes them and shows their internal structure. For sim-
plicity, the names given to these connectors are the same as the
names of the patterns to which they are analogous. The observer
and chain of responsibility encapsulate a communication and coor-

Table 4
Composite composition connectors.
Type Description Structure
Observer Provides a composition mechanism where once the computation in the “publisher” component has been preformed, the
computation in a set of "subscribers” components is executed sequentially
Chain of Provides a composition mechanism where more than one component in set can handle a request for computation

responsibility

Exclusive choice
sequencer

Exclusive choice pipe
components

Simple merge
sequencer

Simple merge pipe

(SMP) component

Provides a composition mechanism where once the computation in a “predecessor” component has been preformed, the
computation of only one component ii a set of “successor” components is executed

A version of the exclusive choice sequencer with internal data communication among the “predecessor” and the “successor”

Provides a composition mechanism where once the computation in only one component in a set of “predecessor” components
has been preformed, the computation in a “successor” component is executed

A version of the simple merge sequencer with internal data communication between the “predecessor” and the “successor”

898098800 g0
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Fig. 6. Behaviour of assemblies resulting from the (a) observer, (b) chain of responsibility, (c) exclusive choice pipe and (d) simple merge pipe connectors.

dination scheme analogous to the observer and chain of responsibil-
ity design patterns, respectively. The exclusive choice sequencer,
exclusive choice pipe are analogous to the exclusive choice workflow
control flow pattern. Lastly, the simple merge sequencer and simple
merge pipe are analogous to the simple merge workflow control flow
pattern. Note that, although all these composite composition con-
nectors are created from arrangements of the basic types, the man-
ner in which these arrangements are defined is crucial for
achieving the desired control scheme.

Adopting the usual notation, Fig. 6 illustrates the communica-
tion and coordination schemes of some of the connectors in Table 4.
Fig. 6a depicts the behaviour of the resulting unit after applying the
observer connector to a set of components. First, the execution of
the computation in the publisher component is executed. After that,
the output generated by this execution becomes the input for all the
computation in each one of the n subscriber components, which are
executed sequentially.

Fig. 6b traces the behaviour of the resulting assembly after
applying the chain of responsibility connector. As can be seen, each
one of the components in a chain is “asked” to perform certain
computation via the guard connectors. Thus, more than one com-
ponent may perform a computation.

Fig. 6¢ traces the behaviour of the resulting assembly after
applying the exclusive choice pipe. Given its internal structure, after
the computation in the predecessor component has been per-
formed, the generated output is passed as input data for the compu-
tation of only one component in a set of successor components. As
can be inferred the exclusive choice sequencer behaves similarly ex-
cept for the fact that there is no internal data communication be-
tween the predecessor and the selected successor.

Finally, Fig. 6d depicts the behaviour of an assembly generated via
a simple merge pipe. First, the execution of the computation in only
one component in a set of predecessor components is executed. After
that, the output generated by this execution becomes the input for
the computation to perform in a successor component. Similarly,
the behaviour of the simple merge sequencer differs from the simple
merge pipe connector in that there is no internal data communication
between the selected predecessor and the successor.

After describing all the connectors in each one of the categories
of the catalogue, in the following section we discuss what differen-
tiates them from the connectors in other phases.

6. Distinguishing between development with reuse and
development for reuse connectors

As explained in Section 3, the connectors in our catalogue are
meant to be utilised to support the process of development with re-

Table 5
Differences between connectors for ‘development for reuse’ and those for develop-
ment with reuse’.

Development for reuse Development with reuse

Ideal life Design phase Deployment phase
cycle
phase

Assembly Component template + design Deployed system

type contracts + deployment
contracts + data place-holders

Assembly Source or binary, binary Binary
format
Connectors Pre-defined coarse-grain Pre-defined fine-grain

communication and
coordination schemes

communication and
coordination schemes

use — which maps to the deployment phase in the idealised
component life cycle. Because our connectors encapsulate commu-
nication and coordination schemes, most of these connectors
can also be used to support composite component construction
during the process of development for reuse — which maps to the de-
sign phase in the idealised component life cycle. However we iden-
tify some key aspects that, according to the aim of these processes,
cause fundamental differences between the connectors for sup-
porting the process of development for reuse and those for
supporting the process of development with reuse. Table 5 sum-
marises these differences.

In the process of development for reuse, any assembly type cor-
responds to a component template together with a set of design and
deployment contracts® as well as data place-holders. A resulting
assembly constructed within this process cannot be immediately
used on its own; it needs to be deployed into a specific execution
environment. In the process of development with reuse, any assem-
bly corresponds to a deployed system which is ready-to-execute. It de-
fines a fixed implementation of a required behaviour by calling
specific component services in the context of a specific environment
(e.g. access permissions, databases location, etc.), that has been fully
specified via common mechanisms such as system constructors and
deployment descriptors.

In the process of development for reuse the assembly format is
either source code or binary. In the process of development with re-
use it can only be binary as an assembly is a ready-to-execute unit.

In both the development for reuse and development with reuse
processes, connectors are pre-defined communication and coordi-

2 Both design and deployment contracts are used to better specify components.
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nation schemes defined within the context of a composition theory
(Lau et al., 2006). However, as the components must be sufficiently
general to cover the different aspects of their use, connectors sup-
porting the process of development for reuse encapsulate “coarse-
grain” communication and coordination schemes. These coarse-
grain schemes are good for supporting a style of composition
where the specification of the specific manner in which these
assemblies are used is deferred to either the deployment or to
the runtime phase of the idealised component life cycle. For exam-
ple, consider the situation in which the atomic components B and
C offer a set of services common for the construction of sales appli-
cations, e.g. billing and shipping services. It is sensible and conve-
nient to compose these components together in a BC composite
component, as depicted in Fig. 3a. As a system template, the BC
assembly can be reused for the construction of different systems
in the same domain. Thus in the deployment phase, it should offer
a means to invoke any of the operations in its constituents, as well
as a means to specify the deployment information of the particular
system under construction, e.g. the location of the clients and ship-
ping fares databases.

In contrast, connectors supporting the process of development
with reuse encapsulate “fine-grain” communication and coordina-
tion schemes. That is, these connectors require the precise infor-
mation to invoke the right operations in the right components
for the particular system considering also the characteristics of
the execution environment in which the system will be deployed
and executed.

7. Putting the catalogue into practice

In some preliminary work, we have already illustrated the use
of some of the connectors in our catalogue to support development
with reuse (Lau et al., 2007b,a, 2005). Next we briefly describe how
we have done it. The complete details can be found in (Velasco
Elizondo, 2008).

7.1. Components

As stated before, our connectors are meant to be utilised on
reusable components as they support the process of development
with reuse. Thus, all these components have been developed dur-
ing the process of development for reuse according to the seman-
tics of our component model.

Each component is offered as a binary file which corresponds to
an implementation and relates to an interface. The component’s
implementation is a set of Java classes implementing a set of meth-
ods. Only the public methods correspond to the services provided
by the component. The component’s interface, which is written in
the form of Java annotations, contains a description of the services
provided by the component. The information in the interface to-
gether with other component classes’ metadata is read by the con-
nectors, via reflection techniques (Java TM 2 Platform Standard Ed.
5.0), to discover and to support the invocation of the services pro-
vided by a component.

7.2. Connectors

As introduced in Section 2, our connectors allow system con-
struction in a hierarchical bottom-up approach. Thus, a system is
generated from the application of composition and/or adaptation
connectors to components iteratively according to some restric-
tions on their arity. As described in previous sections, composi-
tion connectors are always utilised to compose a set of n>2
components while adaptation connectors operate on n=1
component.

Table 6
Properties a connector can define.
Name Description
Accept Set of operations that can be invoked

Execute Set of operations to execute in a particular execution
Iterator Order in which the operations are executed
Iteration Restrictions on the order in which the operations are executed,

mode e.g. all operations, some operations, an operation can be
executed twice, etc.

Condition Boolean expression utilised by some connector types, e.g.
Selector
Loop test Time in which a boolean expression is evaluated, e.g. pre, post

To enable their fine-grain “tuning”, the proposed connectors
are customisable. The customisation is specified via a set of prop-
erties that the connector defines. Properties have already been
utilised in other component-based development approaches to
specify the fine details of a connector, e.g. (The C2 Style Web
Page; UniCon Web Page). Each connector defines a number of
properties. However, some properties may make sense only in
the context of a particular connector type, e.g. a sequencer con-
nector does not require the specification of a boolean expression
as a selector connector does. All the proposed properties concern
only functional issues of the communication and coordination
scheme supported by a connector type. For each property there
is a specification that defines the valid value(s) it can take. Ta-
ble 6 shows the list of connectors’ properties utilised in our
approach.

Like components, connectors were implemented as a set of Java
classes so that they correspond to identifiable compilation units and
therefore can be stored in a repository. Each connector class inher-
its the superclass Connector and defines a constructor to instantiate
it, and an execute method (originally declared in the Execute inter-
face) that implements its corresponding communication and coor-
dination scheme, see Fig. 7. As each connector has a different
semantics, the execute method is overridden in each one of the cor-
responding subclasses according to the required logic. To support
its fine-grain tuning, each connector’s constructor and execute
method are parametrisable with respect to the set of properties it
defines. Such a parametrisation allows the connector to be reused
many times for different developments.

We have also defined the class System (Fig. 7), which defines a
valid composition. This class holds a reference to a connector,
which represents the top-level one.

Thus, to build a system, the system developer needs to make
use of all the classes depicted in Fig. 7 to create a new class, which
defines it. The new class must extend System as well as declare a
constructor and a run method. The constructor must contain the
code for setting up all the required levels of composition and the
run method must contain a call to the top-level connector’s execute
method to allow the subsystem’s execution.

Connector <<Execute>>

Object execute(...)

# Object executeSubsystem(...)
< 1 Sytstem

Sequencer Pipe

SimpleMergePipe

Sequencer(...) Pipe (...) SimpleMergePipe(...)

Fig. 7. Class diagram of our connectors’ implementation.
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Fig. 8. (a) The architecture and (b) a screenshot of the development tool.

The execute method of any deployment phase connector con-
tains a call to the executeSubsystem method defined in the Connector
superclass (see Fig. 7). In the executeSubsystem method, the hierar-
chical top-down execution of the system is supported by the follow-
ing steps: (i) getting the top-level connector of the element, (ii)
identifying the top-level connector subtype and (iii) calling the
execute method of the corresponding subtype. These steps are re-
peated for all the subsystems in a hierarchy until the lowest level
of the system architecture.

At the lowest level of the architecture, reflection techniques are
utilised to dynamically invoke components’ operations, as depicted
in Fig. 1c. Particularly, we utilise the invoke method, which is pro-
vided by the class Method in the java.lang.reflect package.

7.3. System construction

To support automated system development, we have developed
a visual tool (Velasco Elizondo, 2009). The architecture of the
development tool is depicted in Fig. 8a. As can be seen it consists
of five main elements:

- A component repository.

— A connector repository.

— A visual assembler.

- A code generator.

- An execution environment.

The tool supports development with reuse by dragging, drop-
ping and connecting pre-existing components and pre-existing
connectors from the component and connector repositories into
the visual assembler. Our tool also uses reflection techniques to per-
form structural introspection on components’ binaries and their
interfaces, to retrieve the information about the services that the
components offer. Every time a link between a component and a
connector is created, the fine-grain specification of such a connec-
tion is carried out via a composition wizard. According to the
semantics of the chosen connector and the information known
about the selected component, the wizard asks the system devel-
oper to provide specific data according to a pre-defined syntax.
All this data is used by the tool to set the values of connectors’
properties. The tool performs the corresponding syntactic and

semantic checks to ensure the proper definition of an assembly.
Fig. 8b shows a screenshot depicting the latest version of the tool
used to build the security control system, which we will explain la-
ter in Section 9.

Once an architecture is defined by the system developer, the
code generator generates the source code and the binary file of
the new Java class representing the system. Making a system a
new class allows us to generate a binary that can be packaged as
a named, versioned, shippable and deployable unit. The final sys-
tem is meant to be deployed and eventually executed on the execu-
tion environment, which is a JVM.

7.4. Example

In order to show the use of our connectors in practice, in this
section we will elaborate on the construction of a simple security
control system. The security system’s functionality is to sense
and interpret all status information, to maintain a display showing
current status information, as well as to activate an alarm and call
the emergency services (e.g. fire, police, etc.) in the event of an
emergency. In order to do that, the security system consists of a
number of devices. All the devices are controlled by components.
There are two main sensing devices: a motion detector and a
smoke detector (SD). According to the running mode of the secu-
rity system, only one of the two types of the motion detectors must
work. A traditional motion detector (MD) is utilised during day
time and a infrared motion detector (IRD) is utilised otherwise.
There are also one sprinkler (S), one alarm (A), one display (D)
and one call manager component (CM).

For simplicity, in this example we use components that do not
have complex behaviour. However, we could use components
implementing more sophisticated tasks as long as they do not in-
clude calls to methods in other components.?

Figs. 9 and 10 show the architecture and the behaviour of such a
system in the usual notation. In the architecture it is possible to
identify three main subsystems: (i) one for sensing the detectors,

3 For example http://www.cimat.mx/pvelasco/exo/exotool_en.html shows some
systems implemented with our connectors and components with more complex
behaviour.
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Fig. 9. Architecture of a simple security control system.

(ii) one for firing the alarm and the sprinkler (if necessary) and (iii)
one for maintaining the display and call the emergency services in
the event of an emergency.

The subsystem responsible for sensing the status of all the
detectors has been constructed via a simple merge sequencer con-
nector SMS, which composes all the detectors’ instances (i.e. MD,
IRD and SD). As depicted in Fig. 10, this subsystem allows the invo-
cation of the corresponding operations to read all the detectors’
status, i.e. readStatus in any of the motion detectors and readState
in the smoke detector. Note that the simple merge sequencer con-
nector SMS is utilised in this assembly to control the execution
of the computation in only one of the motion detector components
depending on the operation mode of the system, e.g. (m=1). The
results generated by these executions are stored in the variables
md and sd, which denote the states of the motion detector and
smoke detector, respectively.

The assembly representing the subsystem responsible for firing
the alarm and the sprinkler in the event of an emergency has been
generated via a chain of responsibility connector CR, see Fig. 9. The
connector CR allows firing both the alarm and sprinkler (via the
activate and start operations) if it is required. As can be seen in
Fig. 10, in our system we assume that a status value equal to “1”

indicates that a detector found some motion/smoke, e.g. (md = 1).
The activate/start operations return a result that is stored into the
variables as and ss, which denote the alarm’s and the sprinkler’s
states, respectively.

To integrate the aforementioned subsystems and allow the data
communication among them, a pipe connector P is used. Note that
this composition allows us to define a publisher component for the
third subsystem.

The third subsystem allows displaying current status informa-
tion on the display and call the emergency services if necessary.
For this purpose an observer connector OBS is used. First, the exe-
cution of the computation in the publisher component is executed.
After that, the output generated by this execution (i.e. the alarm’s
and the sprinkler’s states) becomes the input for all the computa-
tion in each one of the subscriber components, which in this case
are the display component (D) and the manager component
(CM). Note that the execution of the method make call is conditional
upon the values of the alarm and the sprinkler’s states, i.e. (as=1
or ss = 1). That is, if any of them is activated then the call manager
component will call the emergency services. As can be seen in
Figs. 9 and 10 this behaviour is modelled via the guard adaptation
connector.

The top-level connector of the security system is a condition-
controlled loop CNDL to allow it to execute in an endless loop, see
Fig. 10.

Program 1 shows an outline of the code generated for the secu-
rity system via our tool. As defined in the type system presented in
Section 7.2, a (sub)system is constructed from components, other
subsystems and connectors. In the example code, the constructor
SecuritySystem and the run methods are the mechanisms of
instantiation and execution, respectively. The logic of the construc-
tor involves initiating the assembly’s constituents and setting up
all the levels of required composition. The composition usually in-
volves several levels. The top level connector is denoted by the var-
iable conn that corresponds to a condition-controlled loop
connector.

®
)K[other] @

Subsystem for sensing the status
of the detectors. The subsystem
is generated through the assem -
bly of the components MD, IRD
and SD via the Simpe Merge Se -
quencer SMS.

Subsystem for updating the display
and calling the emergency services
if necessary. The subsystem is
is generated via the Observer con—
nector OBS.

The final system

Subsystem for firing the alarm and the
the sprinkler. The subsystem is gene—
rated through the assembly of the
components A and S via the Chain of
Responsibility connector CR.

Fig. 10. Behaviour of a simple security system.
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Program 1. (Outline of the generated code for the security system)

public class SecuritySystem extends Subsystem {

}

private ConditionLoop conn = null;
public SecuritySystem(... ) {

[COMPONENTSCREATIONTY
MotionDetector_Component cmp_3768523 = new
MotionDetector_Component(...);

Display_Component cmp_85918460 = new
Display_Component(...);
[*ASSEMBLYDEFINITION?

/| ASSEMBLY 1
condisArray.add("requires_IP_mode == 1");
targetArray.add(cmp_3768523);
opersArray.add('"readStatus");
reqParamsArray.add(Constants.NO_PARAMETER);
provParamsArray.add("provides_CR_md");

SMSequencer conn_75938593 = new
SMSequencer (condisArray, targetArray,...);
|| ASSEMBLY 2
condisArray.add('"requires_CR_md == 1");
targetArray.add(cmp_23447542);
opersArray.add("activate');
reqParamsArray.add('"requires_CR_md");
provParamsArray.add("provides_CR_as");

ChainOfResponsability conn 47880922 = new
ChainOfResponsability(condisArray,...);

/| ASSEMBLY 3
targetArray.add(conn_75938593);
opersArray.add(Constants.NO_OPERATION);
reqParamsArray.add("requires_IP_mode == 1");
provParamsArray.add("provides_CR_md,
provides_CR_sd,");

provParamsArray.add("provides_CR_as,
provides_CR_ss");

Pipe conn_ 76928911 = new Pipe(targetArray,
opersArray, reqParamsArray,...);

/| ASSEMBLY 6
targetArray.add(conn_76928911);
opersArray.add(Constants.NO_OPERATION);

reqParamsArray.add("requires_IP_mode == 1");
provParamsArray.add("provides_CR_as,
provides_CR_ss,...");

Observer conn_60175704 = new
Observer(targetArray, opersArray,
reqParamsArray,...);

/| SETTING THE TOP-LEVEL CONNECTOR...
targetArray.add(conn_60175704);

conn = new ConditionLoop(condisArray,
targetArray, opersArray, reqParamsArray,...);
setTopLevelConnector(conn);

}

public Object run()
return conn.execute();

}

We have defined a set of rules for interface generation accord-
ing to the semantics of each connector. The information generated
via these rules is added in the form of Java annotations into the
resulting systems’ interfaces. Thus, any defined assembly, if re-
quired, can be reused separately for further composition.

8. Discussion and evaluation

In this section we discuss and evaluate our connector catalogue;
in particular with respect to (i) pre-defined connectors in compo-
nent-based development approaches, (ii) patterns as mechanisms
for composition, (iii) desirable characteristics of composition and
adaptation mechanisms, (iv) the scope of the connectors in the cat-
alogue and (v) the characteristics of our development approach
and the generated systems.

8.1. Pre-defined connectors in component-based development
approaches

Within the context of software architecture (Bass et al., 2003;
Shaw and Garlan, 1996), some ADLs come with a set of pre-de-
fined connector types. Thus, a system designer can use and fur-
ther specify them independently of the components with
which they will be used. For evaluation purposes, we focus on
this kind of ADLs. Besides that, we take into consideration those
ADLs that incorporate some support for code generation to eval-
uate whether connectors are traceable and whether they pre-
serve their first-class status at implementation stage. Table 7
lists some connector catalogues in representative ADLs: UniCon
(UniCon Web Page), C2 (The C2 Style Web Page) and CLARA
(Durand and Déplanche, 1999). UniCon defines six connector
types that correspond to the common communication primitives
supported by the underlying language or operating system, e.g.
RPC, global data, real time scheduler, etc.; C2 comes with a
bus connector with a number of filtering and broadcast policies
for sending and receiving messages; CLARA offers a set of pre-
defined connectors to tackle synchronous and asynchronous
event signalling and message passing mechanisms. Our connec-
tors are also listed in the last row.

As Table 7 shows, at design-stage all the connectors in these
catalogues can be reused in different system designs because they
support some sort of parametrisation. However, at implementa-
tion-stage none of the connectors in these catalogues are first-class
entities and reusable.

Traceability is a key issue when designing, implementing and
maintaining systems (Gast, 2008; Murta et al., 2006; Richardson
and Green, 2004; Streitferdt, 2001). In our context, we consider
traceability from the perspective of providing traceability support
between architectural constructs (i.e. components and connectors)
and their implementations in accordance with well-defined map-
pings. In all ADLs and in our approach such mappings exist. How-
ever, the “intrusive” nature of connector mappings in these ADLs
results in non-first-class and non-reusable connectors. To illustrate
it, consider the bus connector in the C2 ADL. As the underlying
communication mechanisms of this connector are events, the de-
fined mappings result in component implementations that also in-
clude connectors’ code, e.g. the code for defining the specific events
a component raise and listen to. Because component implementa-
tions include connector implementations, connectors do not corre-
spond to identifiable compilation units anymore, i.e. they do not
preserve their first-class status. Therefore, they cannot be stored
and reused many times for different developments. In contrast
we have demonstrated that, by defining exogenous and parametr-
ised connector implementations, we can tackle these two issues. In
the system depicted in Fig. 9, the same sequencer connector imple-
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Table 7
Comparison of some connector catalogues.

Design-stage Implementation-stage

Reusable Traceable First-class Reusable
UniCon v Vv X X
C2 4 4 X X
CLARA 4 4 x X
Our catalogue Vv 4 4 Vv

mentation was (re)utilised to create the two different connector in-
stances SQ1 and SQ2.

Similarly, as they are based on (R)PC and events, the same lim-
itations apply to the pre-defined connectors in work such as SOFA
(Bures, 2006), CoCo (Tansalarak and Claypool, 2005) and that dis-
cussed by Spitznagel (2004) and Schreiner and Géschka (2007).

8.2. Patterns as mechanisms for component composition

The idea of using patterns as mechanisms to support component
composition has been already explored. For example, Wydaeghe
and Vanderperren developed the idea of composition patterns in
(Wydaeghe and Vanderperren, 2001). Composition patterns de-
scribe interactions between a set of roles, which are fulfilled by
components. Both components and interaction patterns are docu-
mented by using an extended UML sequence diagram notation.
This notation describes a specific usage scenario in terms of a set
of participants, the messages they interchange and a set of se-
quence diagram control blocks such as OPT, ALT and LOOP. A com-
ponent may be utilised in a composition pattern if its sequence
diagram matches a part of that of the composition pattern. Then,
a composition is possible if by somehow joining the sequence dia-
grams of all the participating components it is possible to get the
sequence diagram of the composition pattern.

Similarly, the idea of composing fragments of control into larger
blocks, in some cases analogous to patterns, has been discussed in
several communities. Nevertheless we want to highlight two main
aspects that make our approach different from the work in these
communities.

Firstly, our composite connectors are real pieces of generic
implementation that can be stored in a repository. Therefore, the re-
use of these connectors is maximised in contrast to the work in
these communities. While in theory the idea of a pattern is that
it can be used for developing many applications, in practice the
pattern itself has no generic implementation and has to be coded
into every application. In our case, the same connector template
can be utilised to create two different subsystems despite the fact
that they differ in the number of participating components and in
the messages/data they exchange. This is not possible in Wydaeghe
and Vanderperren’s work, for example.

Secondly, because our connectors work as operators for compo-
nents, they support a hierarchical composition approach to pro-
duce either composite components or connectors. This is
different from related work on composing control fragments or
services. For example, within the context of web services, our con-
nectors can define workflow and can produce composite web ser-
vices, whereas orchestration produces a workflow from web
services. Of course, the resulting workflow can be made into an-
other web service, but this has to be done on top of orchestration
(Lau and Tran, 2008). Additionally, we can build systems step by
step and the generated subsystems are logically highly cohesive,
low coupled and documented. Thus, during the development pro-
cess, a change can be localised to a subsystem rather than globa-
lised to the entire workflow. In our case it only requires the
modification of the connector definition, as components do not
contain connectors’ code.

8.3. Desirable characteristics of composition and adaptation
mechanisms

For evaluation purposes, it is also interesting to discuss whether
the connectors in the catalogue have the desirable characteristics
for composition and adaptation mechanisms. In Chaudron (2001)
a list of six recommendations for the design of software composi-
tion languages and mechanisms is presented. Although the recom-
mendations are not exclusively for components, we consider they
are worthy of consideration. The recommendations are:

(1) composition should be exogenous to components,

(2) composition should be non-intrusive,

(3) composition mechanisms should provide separate mecha-
nisms for dealing with data flow and control flow,

(4) composition languages should provide means for building
higher-level larger granularity composition abstractions,

(5) composition mechanisms should provide support for bridg-
ing multiple control and data flow styles and

(6) composition mechanisms are subject to general quality
requirements such as timeliness, reliability, extensibility,
scalability etc.

Table 8 summarises how many of these recommendations are fol-
lowed by current composition approaches based on first-class con-
nectors, including ours. As can be seen, exogenous connectors
follow most of them. Recommendations (1), (2) and (3) are
strongly supported by exogenous mechanisms for dealing with
data flow and control flow. We have not yet implemented recom-
mendations (5) and (6); however, by defining connectors that
encapsulate communication and coordination schemes to support
concurrency and parallelism as well as defining non-functional
properties for the proposed connectors, they can be achieved.
Note that, we are the only supporters of recommendations (2)
and (4). In contrast to other approaches, our connectors are indeed
exogenous to components during all the development stages. Thus,
we do not need to insert their code into components, as recom-
mendation (2) states. Our approach for constructing composite
connectors meets recommendation (4). In C2 two bus connectors
can be connected. However, it does not result in a new connector
type as in our approach. In SOFA a connector is composed from a
set of connector elements. The elements model non-functional
properties of some basic connector types supported in middleware
technologies. In the work by Spitznagel, an ADL connector can be
adapted by composing a set of transformations. The transforma-
tions can modify the connector’s properties, e.g. protocol, data pol-
icy. Both SOFA and Spitznagel's work deal only with the
construction of a single connector rather than the construction of

Table 8
Recommendations for the design of software composition languages and mechanisms
according to Chaudron (2001).

—
=
N

=

w

=

—
~

=

—
»

&

UniCon

c2

CLARA

CoCo

SOFA

Spitznagel

Schreiner and Goschka
Wydaeghe and Vanderperren
Our Composition Connectors

LUX L

X X X X X X X X
X X X X X X X X

X
a \/b
¢ Feasible via connectors encapsulating control schemes to support parallelism

and concurrency.
b Feasible by extending connectors’ properties to include non-functional ones.

LA
LU
<X X< X X X X X

S
<




1176 P. Velasco Elizondo, K.-K. Lau/The Journal of Systems and Software 83 (2010) 1165-1178

a composite. The issue of connector composition is not tackled in
the rest of the approaches.

Similarly, (Heineman and Ohlenbusch, 1999) discussed eleven
requirements for adaptation techniques:

(1) Homogeneous: the code that uses an adapted component
should use it in the same manner as it would have used
the non-adapted version of it.

(2) Conservative: the aspects of a component that were not
adapted should be accessible without explicit effort by the
adapted version of it.

(3) Ignorant: a component should have no knowledge of its
adaptations.

(4) Identity: a component should continue to retain its own
identity as a separate entity; this eases the way in which
future updates of the component will be handled.

(5) Composable: a component should be open to future adapta-
tions; it should be straightforward to compose together a
set of desired adaptations.

(6) Configurable: the adaptation technique should be able to
parametrise and apply a particular adaptation to many dif-
ferent components.

(7) Black-box: the adaptation technique should have no knowl-
edge of the internal implementation of a component.

(8) Architectural focus: there should be a global description of
the architecture of the target application together with dif-
ferent specifications of both the non-adapted and the
adapted version of a component.

(9) Framework independent: the adaptation technique must not
be dependent upon the component framework to which
the component belongs.

(10) Embedded: the adaptation mechanism must exist within the
component before it can be adapted.

(11) Language independent: the adaptation mechanism must not
be dependent upon the language used to implement it.

Table 9 summarises how many of these requirements are met
by our adaptation connectors. In contrast to Table 8, other ap-
proaches are not included in the table because they do not use con-
nectors as adaptation mechanisms. As can be seen, most of the
requirements are fulfilled by our adaptation connectors. The
requirement (2) cannot be satisfied because an adaptation connec-
tor adapts the whole component. The requirement (10) goes
against the exogenous nature of our adaptation connectors.

8.4. Scope of connectors in the catalogue

In all the above mentioned work on connectors, the main con-
cern is “composition”; they do not focus on adaptation or any other
issue relevant to the life cycle of CBD. Thus, we consider that our
catalogue is unique because it has a bigger scope. That is, it in-
cludes a set of reusable connector types to support not only compo-
sition but also adaptation of components. We believe that it
represents a step forward because in all related work, there is no
similar catalogue.

Besides that, we can say that our connectors catalogue is turing
complete (Le Metayer et al., 1998; Bohm and Jacopini, 1966) be-
cause it includes the three standard control structures in program-
ming languages: sequencing, branching and looping. Thus, by using

Table 9

Requirements for adaptation techniques according to Heineman and Ohlenbusch (1999).

our catalogue a wide variety of systems can be developed. This
claim is supported by Velasco Elizondo (2009) and Lau and Wang
(2007) where our connectors have been utilised to develop robot-
ics and a missile guidance systems, respectively. Note that all our
composite connectors are constructed from these three basic con-
trol structures. The exact number and nature of connectors in the
catalogue determine only their usefulness for particular applica-
tions. More connectors can always be defined and added to the cat-
alogue as and when appropriate or needed.

A limitation of the connectors in our catalogue is that they are
general purpose connectors defined within the context of a sequen-
tial and single thread model. That is, neither domain specificity nor
concurrency issues have been considered in this work. It impacts
on the variety of systems that can be constructed by using the pro-
posed catalogue. Additionally, some connectors impose syntactic
constraints on the components they compose, e.g. the data com-
munication characteristic of the pipe connector requires the output
generated by a component’s execution and the input to the next
one in the chain to have the same type. Thus, a set of components
cannot be composed by a Pipe if they do not fulfil this syntactic
constraint. We are convinced we need to consider a solution that
overcomes this limitation, e.g. the use of data connectors for trans-
forming data.

Despite these limitations, we are convinced that our connec-
tors are useful for developing certain types of control systems.
For example, real time control systems with an underlying closed
control loop architecture (Shaw, 1995). In general, a closed con-
trol-loop architecture includes three main elements: a controller
component - which continually receives information about the
physical system and supplies continuous guidance about the
changes to be performed to maintain its properties; a sensor
component - which is engaged in gathering information about
the physical system and sending it to the Controller; and an actu-
ator component - which is involved in performing the decisions
taken by the controller. All these three elements are connected
by connectors that pass on the corresponding data, usually mod-
elled as primitive data types. By composing components like ours,
which exhibit very simple interfaces that solely receive and pro-
vide primitive data types, via our connectors we can produce an
alternative architecture to model the behaviour of the closed con-
trol loop.

Consider the security control system discussed in Section 7.4.
We do not have a controller component in our architecture as
the connectors encapsulate all the decision making. However, we
maintain the simplicity of the style by keeping the sensor (the sub-
system responsible for sensing the status of all the detectors MD,
IRD and SD) and the actuators (the subsystem responsible for firing
the alarm A and the sprinkler S in the event of an emergency) sep-
arated from each other, which facilitates their independent treat-
ment. Note that all component interactions in the security
control system are interface-level and are determined by the
semantics of the new component model. Within this semantics,
the actual information flow between interfaces is represented by
individual variables and primitive data types as illustrated in
Fig. 9 and Program 1.

Additionally, our connectors provide a means to refine the steps
of sensing, decision making and acting if necessary. Note that we
have done it using the simple merge sequencer connector SMS to
control the execution of the computation in only one of the motion

(1) (2) (3) (4)

(5) (6) (7) (8) (9) (10) (11)

Adaptation connectors

v x v v

Vv v v v x v
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detector components depending on the operation mode of the sys-
tem. The inability of performing such refinements has been recog-
nised as a shortcoming in closed control loop architectures (Shaw,
1995).

8.5. Characteristics of our development approach and the generated
systems

With our connectors, system construction is a pure bottom-up
process involving not only pre-existing components, but also pre-
existing connectors. This requires a new approach to implementing
components that is completely different from current component-
based development approaches. This new way of thinking may
limit the immediate adoption of our approach in practice. How-
ever, current experiences in CBD demonstrate that the manner in
which components and connectors are treated in existing compo-
nent models is not enough to achieve the CBD desiderata, i.e. com-
ponents should be pre-existing reusable units of functionality, be
produced and used by independent parties, be composable into
composite components and be distinguished from their instances
(Meyer, 2003; Szyperski et al., 2002; Heineman and Councill,
2001; Broy et al., 1998). That makes the proposed approach worthy
of consideration.

Another positive characteristic of our connectors is that they al-
low the definition and generation of subsystems that are logically
highly cohesive but low-coupled at the same time. These subsys-
tems are compositional and can also be well documented. Any gen-
erated subsystem is an identifiable compilation unit that offers
certain functionality which is described by its interface. As de-
scribed in Section 7.4, these interfaces are generated according to
the semantics of the connector utilised and documented by adding
the corresponding annotations into the resulting (sub)systems’
code. Therefore, the resulting subsystems can be tested and (if re-
quired) reused separately for further composition or adaptation.
This has been illustrated by the security system described in Sec-
tion 7.4. Many of the related approaches to composition fail to
tackle these issues because they do not have connectors that work
as composition operators. This makes it necessary for them to
adopt alternative methods to generate the subsystem interfaces
separately in order to allow the individual treatment of the gener-
ated assemblies.

Similarly, the issue of static evolution of system architectures
can be better dealt with in our approach. Due to the fact that all
component and connector interactions are interface-level, chang-
ing a connector in a system hierarchy has consequences for its
adjacent architectural elements only when such interface-level
rules are not fulfilled. Even then, these changes can be dealt with
within the scope of a subsystem, and it only requires the modifica-
tion of the connector definition in the subsystem because compo-
nents do no contain connectors’ code. As a corollary, these changes
can be tested separately.

An obvious disadvantage of the connectors in our catalogue is
the potential preponderance of connectors and connector levels,
and hence inefficiency in communication. Some systems could re-
quire a complex hierarchy which might have a negative impact on
the runtime performance. However, our connectors allow and pro-
mote compositionality and separation of concerns, which are the
key desiderata of CBD.

9. Conclusion and future work

In this paper we have presented a catalogue of connectors to
support the process of development with reuse within the context
of CBD. The catalogue includes a set of thirteen connector types
that are defined by taking into consideration the syntax and

semantics of a new component model. The feasibility of imple-
menting the catalogue and its use in practice has been positively
demonstrated.

We consider that our catalogue possesses several good charac-
teristics that make it unique. Firstly, the connectors in our cata-
logue are indeed composition operators for components; that is,
when applied to components they yield another component. Sec-
ondly, our catalogue has a bigger scope than existing ones be-
cause it includes a set of connector types to support not only
composition but also adaptation of components. Thirdly, all the
connectors in our catalogue are reusable not only at design but
also at implementation stage. Fourthly, our connectors meet most
of the requirements and recommendations in the literature for
both composition and adaptation mechanisms. Finally, and as a
corollary of all the above, our catalogue improves on current
CBD practice because our connectors allow a bottom-up approach
to system construction from pre-existing reusable components. It
is important to highlight that such a bottom-up approach in-
volves not only pre-existing components, but also pre-existing
connectors. Thus, reuse is maximised in the process of develop-
ment with reuse.

Our work contributes new knowledge to the area of CBD and
Software Engineering not only by defining a novel approach for
developing component-based systems but also by defining a new
view into the space of software connectors where they are indeed
first-class entities during all development stages.

For future work, we plan to consider the issues of domain spec-
ificity (Lau and Taweel, 2009) and non-functional properties for
components and connector definitions. In Section 8.4, we men-
tioned that we are convinced that our connectors are good for
developing certain types of control systems. In all our previous
work neither the component nor the connector specifications in-
clude information about non-functional issues, which will make
them completely suitable for control systems construction. We
have already started some work on augmenting the information
in a component interface to further specify a service provided in
terms of the worst-case execution time considering the CPU as the
main context dependency and integrating the proper analysis en-
gines in our development tool.

Also, we plan to consider other communication and coordina-
tion schemes, e.g. concurrency, which will lead to new and perhaps
domain specific connector types.

Finally, we are also considering the issue of producing a kind of
“control components” that emulate the connectors by using some
other component model, e.g. EJB. This exercise will help to evaluate
the feasibility of implementing the semantics of our component by
using the infrastructure provided by some existing component
model and as a corollary, it could help to motivate people to use
our component model.
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