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Abstract. In this paper we present a coordination model for compobestd software systems
based on the notion of mobile channels, define it in terms ohapositional trace-based semantics,
and describe its implementation in the Java language. Gismatiow anonymous, and point-to-
point communication among components, while mobility\aaynamic reconfiguration of channel
connections in a system. This model supports dynamic bliggd systems where components can
be mobile. It provides an efficient way of interaction amoongponents. Furthermore, our model
provides a clear separation between the computationabpdrthe coordination part of a system,
allowing the development and description of the coordarasitructure of a system to be done in a
transparent and exogenous manner. Our description of tharmglementation of this coordination
model demonstrates that it is self-contained enough foeldging component-based systems in
object-oriented languages. However, if desired, our modelbe used as a basis to extend other
models that focus on other aspects of components that asetexerned with composition and
coordination issues.

1. Introduction

In the last decades, structured software development haggerhas the means to control the complexity
of systems. However, concepts like modularity and encafgisul alone have shown to be insufficient
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to support easy development of large software systemsllyidizaige software systems should be built
through a planned integration of perhaps pre-existing @mapts. This means not only that compo-
nents must be pluggable, but also that there must be a suitabhposition mechanism enabling their
integration.

Component-based software describes a system in terommionentsind theirconnections Com-
ponents are black boxes, whose internal implementatioiddeh from the outside world. Instead, the
composition of components is defined in terms of their (lafjimterfaces which describe their externally
observable behavior. By hiding all of its computation in gmments, a system can be described in terms
of the observable behavior of its components and theirastems. As such, component-based software
provides a high-level abstract description of a systemdhatvs a clear separation of concerns for its
coordination and its computational aspects. The impoearicsuch high level logical descriptions of
systems is growing in the Software Engineering community.éxample, in the standard OO modeling
languageUML [8] extensions are how emerging to support logical entiisomponents, their inter-
faces, and connectors, which allow a logical decomposgioa description of a system. An example
of such an extension is UML-RT[26], which is an integratidrttee architectural description language
ROOM27] into UML.

In this paper we present and advocate a coordination modeofoponent-based software that is
based on mobile channels, give its description in terms oémsttion system, and describe its imple-
mentation in the object-oriented language Java. A mobidanhbl is a coordination primitive that allows
anonymous point-to-point communication between two camepts, and enables dynamic reconfigura-
tion of channel connections in a system. It also supportahyn distributed systems where components
can be mobile.

From a software development point of view, mobile channetside a highly expressive data-flow
architecture for the construction of complex coordinaschemes, independent of the computation parts
of components. This enhances the re-usability of systemsiponents developed for one system can
easily be reused in other systems with different (or the $anerdination schemes. Also, a system
becomes easier to update: we can replace a component witheamersion without having to change
any other component or the coordination scheme in the sys$¥reover, a coordination scheme that is
independenbf the computation parts of components can also be updatbduwtithe necessity to change
the components in the system.

The Java implementation presented in this paper providesnargl framework that integrates a
highly expressive data-flow architecture for the consiomcbf coordination schemes with an object-
oriented architecture for the description of the interretbeprocessing aspects of components.

The rest of this paper is organized as follows. In section 2digeuss components and several
coordination mechanisms for their composition, and presenrationale for a model based on channels.
In section 3, we introduce and show the advantages of themofimobility for channels. In section 4,
we give a compositional trace-based semantics for our mttséction 5 we describe an implementation
of our model in the Java language [18]. We conclude in se@jamhere we discuss related work.

2. Components and their Composition

In this section we briefly discuss the general notion of a comept, the integration of components with
object-oriented technology, and coordination mechanfemesomposing components.
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2.1. Components and their Interfaces

We define acomponenfas a black-box entity that can be used (composed) by mearts iofdrface
only. Such an interface describes thput, output and theobservable behavioof the component. For
example, the interface of a component may tell us that, givepecific input, a window with a message
will appear on the screen. However, how this is implememntgtde component is hidden from the outside
world, i.e., a component is viewed adbkack box An interface of a component, therefore, provides an
abstraction of the component which encapsulates its iatémplementation details that are not relevant
for its use.

In our channel-based coordination model a component ater€onsists of a set of mobile channel-
ends through which a component sends and receives valugs.sdthcan be static or dynamic. The
observable behavior can be expressed by using, for exapreldicates, comments, or some graphical
notation, e.g., protocol state machines as definééNi.. In section 4 we express the external observable
behavior of a component in terms of a compositional trageth&emantics.

2.2. Integration of Components with Object-Oriented Techmlogy

Components adhere to the fundamental principles that arerttierpinnings of object-oriented technol-
ogy:

- systemwide unique identity;
- bundling of data and functions manipulating those data;

- encapsulation for hiding detailed information that ilevant to its environment and other com-
ponents.

However, componenextendhese principles by adhering to a stronger notion of endagisn. Whereas
the interface of an object involves only a one-way flow of def@ncies from the object providing a
service to its clients, an interface of a component involvéso-way reciprocal interaction between the
component and its environment. This stronger notion of pagiation accommodates a more general
notion of re-usability because mutual dependencies arenmore explicit through component interfaces.
Furthermore, it allows components to be independentlyldpee, without any knowledge of each other.

Components are self containbthary packages. Objects that are used to implement a component
should not cross the component boundaries. No other rgstiscare imposed on a component imple-
mentation.

The Java implementation of our coordination model, preskint section 5, demonstrates that object-
oriented languages are well-suited to implement comparaamd their composition. This implementation
ensures the stronger notion of encapsulation needed fop@oents, allowing access to a component
only through its interface (which is a set of mobile chanedis).

2.3. Coordination Among Components

Besides components, a system also nemgsiectionsamong them. There are several coordination
mechanisms for composing components. Because componestsbm pluggable, it is important that
these mechanisms do not require a component to know anyahiogt the structure of the system they
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are plugged into. We discuss four important types of coatittn mechanismsmessagingevents
shared data spaceandchanneld2].

Messaging With this type of connection, components send messagexctoaher. These messages
need not be explicitly targeted; a component can send a gesseant for any component having some
kind of specific service (publish-and-subscribe modeBtaad of sending it to a particular component
(point-to-point model). However, messaging is not realljtable for component-based software be-
cause it requires the components to know something abouttheture of the system: even if they do
not directly know their service providers, they must know flervices provided in the system. Animple-
mentation example of this type of connection is the Java BpsQueueJMQ) [29], a package based
on the Java Message ServiddQ [30] open standard. The Microsoft Message Queuing Ses\is]
for COM+ [22], is another example.

Events With the event mechanism a component, calledatteeluceror event sourcecan create and
fire events, the events are then received by other comporetisd consumersr event listenersthat
listen to this particular kind of eventslavaBeang19], which are seen as the components in Java, use
the event mechanism.

Shared data space a shared data space, all components read and write yvakiggly tuples like
in Linda[9], from and to a shared space. The tuples contain datatheige/ith some conditions. Any
component satisfying these conditions can read a tupliegape not explicitly targeted. TlavaSpaces
technology [10], a powerful Jini service from Sun, is an eglaof a shared data space that is being used
for componentsLime[24] (Linda in a Mobile Environment), is a Linda middlewaret can also be used
for components, especially if these are mobile.

Channels A channel, see figure 1, is a one-to-one connection thatsoffeo ends to components,
either asource or asinkend. A component can write by inserting values togharceend, and read by
removing values from theinkend of a channel; the data-flow is locatipe way from a component into
a channel or from a channel into a component. The commuaitéianonymousthe components do
not know each other, only the channel-ends they have acwe&hannels can be synchronous or asyn-
chronous, mobile, with conditions, etc. Examples of systbased on channels includ@ommunicating
Threads for Javdl6], CSP for Javd31], both based on the SPmodel [17], andPict [25], a concurrent
programming language based on thealculus. However, these systems either do not suppdritdis
uted environments, or their channels are not molileCha[12, 7] andNomadic Pic{32], a distributed
version ofPict, do implement distributed mobile channels. However, trendels ofNomadic Pictdo
not have two distinct ends as defined above and are only symohs. We explaiMoChain more detail
in section 5.2.

Component| Channet Component]

Writes Reads
A # # B

Figure 1. A Channel.

We base our coordination model on (mobile) channels. Thetlmee coordination mechanisms
support true separation of coordination and computatiocems in a system. However, channels share
many of the architectural strengths efentsand shared data spaceshile offering some additional
benefits. Four of these benefits ardficiency security architectural expressivengsand transparent
exogenous coordination
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First, although shared data spaces are useful in netwohlitectures like blackboard systems, for
most networks, like messaging, point-to-point channetstimimplemented morefficientlyin distrib-
uted systems. In shared data space models, the coordimaitioileware itself cannot generally know the
potential receiver(s) of a message at the time that it isyred;any present or future entity with access
to the shared data space can be the consumer of this messagetriast, a channel-based coordination
middleware always knows the connection at the opposite émdcbannel, even if it changes dynam-
ically. This additional piece of information allows the rdldware to more efficiently implement the
appropriate data transfer protocols. Second, like masgagid events, point-to-point channels support
a moreprivate means of communication that prevents third parties fromdacotally or intentionally
interfering with the private communication between two paments. In contrast, shared data spaces are
in principle “public forums” that allow any component to deany data they contain. Accommodating
private communications within the public forum of a sharatbdspace places an extra burden on many
applications that require it. Third &rchitectural expressiveneskike messaging, using channels to ex-
press the communication carried out within a system is @chirally much more expressive than using
shared data spaces. With a shared data space, it is moralttffisee which components exchange data
with each other, and thus depend on or are related to each b#wause in principle, any component
connected to the data space can exchange data with any dhedlamponents in the system. Using
channels, it is easy to see which components exchange dét@adh other, making it easier to apply
tools for analysis of the dependencies and data-flow. Firialcontrast to events, channels allow several
different types of connections among components, e.gchsgnous, FIFO, etc., without the components
knowing which channel types they are dealing with. This nsak@ossible to coordinate components
from 'outside’ (exogenous).

3. Mobile Channels

In our coordination model, components interact with eatieiothrough mobile channels. A channel is
calledmobilewhen the identities of its channel-ends can be passed omghrchannels to other compo-
nents in the systemniqgical mobility). Furthermore, in distributed systems the ends of a mobiteel
can physically move from one location to another, wheretlonas alogical address spacehere in a
components executeghysical mobility. Because the communication via channeBrisnymouswhen

a channel-end moves (physically or logically), the commbre its other end is not affected.

Mobility allows dynamic reconfiguration of channel conness among the components in a system,
a property that is very useful and even crucial in systemgevtiee components themselves are mobile.

A component is called mobile when, in a distributed systeroan move from one location (where
its code is executing) to another. For example, mobile h@eagents can be seen as mobile components.
The structure of a system with mobile components changeandigally during its lifetime. Mobile
channels give the crucial advantage of moving a channeltegether with its component, instead of
deleting a channel and creating a new one.

In distributed systems, a channel isesourcethat must be shared among several component in-
stances. Therefore, in our model, a component instance snasessfullyconnect to a channel-end
before it can use that channel-end, @idconnect from it when it is no longer needed. At every mo-
ment in time, at most one component can be connected to ayartchannel-end. Therefore, although
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many components may know the identity of a specific channé)-#he communication via mobile chan-
nels is still one-to-one.

As a concrete example of the utility of mobile channels, sggpwe want to use agents to search
for some specific information, e.g., coffee prices, on thterhmet. Agents consult different XML[33]
information sources, like databases and Internet pagesh iBformation source has a channel where
requests can be issued, and an agent knows the identity edtinee end of this channel plus the location
of the information source. The agents may have a list withdlehannel-ends available at their creation,
or this information may be passed to them through chanreksui example, we use a mobile agent that
moves to the information sources at various locations. Aerétive that we will consider later is to
create an agent at every location.

XML : XML

| M Information | Information
: Agent Source : Source
: j{”"

AW |

Component

U

Figure 2. An Example: a Hopping Agent.

A componentJ has two channel connections for interaction with a mobilerdgone to send instruc-
tions and the other to receive results. At some point in tichasks the agent to search for MoCha-bean
prices. Figure 2 shows the situation after the agent movéisetdnformation sourcé which is in a
different Internet location, as expressed by the dashed lmthe figure. Right after the move, the agent
creates a channel meant for reading information from therimétion source, and sends a requegh to
together with the identity of the source channel-end of teated channel.

At some point in time the agent finishes searching the inftionasourceA and writes all relevant
information it finds for the componett into the proper source channel-end. Regardless of whether o
not this information has already been readhythe agent moves to the location of the next information
source (see figure 3). Together with the agent, the two endieathannels connecting it thalso move
with it to this new location. However, the componéhis not affected by this. It can still write to and
read from its channel-ends, even during the move; all datarobile channel are preserved while its
ends move. For the agent the advantages of moving the chandelalong with it is that it avoids all
kinds of problems that arise if it were to delete the channels create new ones after the move, e.g.,
checking if the channels are empty, notifyibigthat it cannot use them anymore, perhaps some locking
issues to accomplish the latter, etc.

In our alternative version, we have a different non-mobilerd at each location, instead of one
mobile agent, and there are only two channels for interaatiith the component). The channel-ends
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Figure 3. Moving to Another Location.

meant for the agents then move from one agent to the othen @ point of view of the componeht
there is no difference between the two alternatives in oanmpte.

In our example, the two channel-ends used.bgto not move, but it is possible to have mobility at
both ends of a channel; if desired one can extend the exampadsing these channel-ends on to other
components in the system.

4. A Semantic Approach of our Model

In this section, we give a more precise and formal descnptifoour coordination model, by presenting a
compositional trace-based semantics of component-bgseehss. The semantics forms the formal basis
of the notion of ‘contracts’ and provides a formal basis @ dlava implementation in the next section.

We summarize the following from the previous sections. A ponent is a black-box entity that
communicates through mobile channels. A channel has twe each of which can either besaurce
or asinkend; a component writes values to tmurceand reads/takes values from thiek The iden-
tity of channel-ends can also be communicated through digsnallowing dynamic reconfiguration of
channel-end connections in a system. The data-flow is jooalt way Channels can b&/nchronousr
asynchronousBecause in a distributed system a channelresaurcewhich must be shared among sev-
eral component instances, a component instance must stidgesonnecto a channel-end before being
able to use it; therefore, it must aldsconnecfrom it when the channel-end is not needed anymore. In
our model, at most one component instance can be connectegadicular channel-end at any given
time, making the communication one-to-one. This ensurestiundness and completeness properties
that are the prerequisites for compositionality [5]. Oue-do-one channels can still be composed into
many-to-many connectors, while preserving these preségsifor compositionality [3, 4].

Physical movement of channel-ends, see section 3, is fgresear model for reasons of efficiency;
to minimize the amount of non-local transfers in distrilblisystems. Therefore, both in the semantics
and the implementation in section 5 components do not dlirpetrform any kind ofmoveoperation on
channel-ends. A physical channel-emtveis indirectly performed when a component instance either
successfullyconnectdo the specific channel-end or moves itself to a new (physioahtion, where all
the connected channel-ends move with it. This means thathysical layout of the system, whether it
is distributed or not, is of no concern for the semantics tigdtfully abstract from it.
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Below, we first describe the observable behavior of the fimberof a component, that is, its external
observable behavior, in terms of a transition system thsiratts away its internal behavior. Next, we
introduce a global transition system which describes tihatier of a component-based system in terms
of the interactions of its components and show how this behaan be obtained in a compositional
manner. Finally, as an alternative to our global transigatem, we make some comments of how to
model mobile channels in the-calculus.

4.1. Component Transition System

Definition 4.1. Given a setd state of abstract states ranged overdgnd (mutually disjoint) setSource
and Sink of all source and sink channel-ends, we specify a componeatttansition systen®’omp =
(Conf,—, c,), WwhereConf = AState x P(Source U Sink) is the set of configurations with its typical
elementc. The configuration of a component instance thus consistpafrda, K), whereK is the set
of channel-ends known in this particular configuration. Tigal configuratione is defined agag, 0),
whereaq, denotes the initial abstract state. We define the trangiilation as— C Conf x Act x Conf;

as usual, we use 2% ¢’ to indicate thatc, act, ¢') €e—.
The set of actionslct consists of the following operations:

- e | connect the executing component instance to the chandel-en

- e 1 disconnect the executing component instance from the efamude.

- s!v write the valuev to the source channel-end

- t7v take the value) from the sink channel-entl

- t;v read the value from the sink channel-enti(read is the non-destructive versiontake.
- v(s, t) create a new channel with source- and sink-endad.

- v(Comp, K ) create a new component instance with the initial set of knokaannel-endd .

- 7 is the invisible operation we use to denote all other compbaoperations that are not related to
channels.

Herewv ranges over the set of values which includesirce U Sink. Furthermore, we have € Source,
t € Sink, ande € Source U Sink.

4.2. Local Conditions

We assume that the transition relation of component sati#fiefollowing conditions:
1. If (0, K) <% (', K') thene € K andK’ = K.
A component instance can connect only to a channel-end iw&nand this operation does not
affect its set of known channel-ends.

2. 1f (a, K) <5 (o', K') thene € K andK’ = K.
The same is true falisconnect
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1 (g, K) 22 (o, K'Y thens € K andK’ = K.
A component instance can write only to a channel-end it knewd its set of known channel-ends
is not affected.

w

4. If {(a, K) AL (a’,K') andv € Source U Sink thent € K andK' = K U {v}.
A component instance can take only from a channel-end it knoif the value obtained is a
channel-end, it becomes known to the component instance.

5. If {(a, K) LN (a’,K') andv & Source U Sink thent € K andK' = K.
A component instance can take only from a channel-end it kndf\the value obtained is not a
channel-end, its set of known channel-ends is not affected.

6. All conditions fortakealso apply to the operatiaead

7.0 (a, K) Y (o, K'Y thens ¢ K andt ¢ K andK’ = K U {s, 1}.
When a new channel is created, the two new channel-ends rausided to the set of known
channel-ends of the component instance.

4.3. Global Transition System

We consider a component based system { Compy, ..., Compy, }, where Comp; = {Conf;, —;, ct),
fori = 1,...,n. To identify component instances we use the infinite(@kt of component id’s, with
its typical elementid. A system configuration is a tupke, v, Chan), whereos and-y are two partial
functions defined as:

o: CId — U; Conf; and : (Source U Sink) — CId,

and
Chan C Source x Sink.

A function ¢ maps every existing (i.e., element of its domain) comporestance ofComp; to its
current configuratiort € Conf;. On the other hand, a function Source U Sink — CId maps every
channel-end to theéd of the component instance it is connected to. A channelwigldisconnected

if y(e) is undefined. The sefhan C Source x Sink indicates which channel-end pairs constitute a
channel.

We now proceed by presenting a labelled transition systeithidescribes the observable interaction
of components and channels at the system level. We have ltbeifgg global actions:e | id, which
indicates that the componeit connects te; e 1 id, which indicates that the componedtdisconnects
from e; (s, t,v,7), which indicates that the value has been taken from the sinkvia a synchronous
communication along channéd, ¢); similarly, (s, t, v, ;) indicates that the value has been read from
the sink¢ via a synchronous communication along chansek); (id, s, t), which indicates that the
component instancél has created the channgl, ¢); finally, (id, id’, K), which indicates the creation
by id of a new component instanéé’ with the initial set of channel-ends .

The channels in our transition system aresghichronoussince this is the most basic type of channel.
Other Channels can be viewed as special types of compondrtsevcommunication with the rest of
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the system can be described using fiyachronouschannels only. Therefore, our transition system
generalizes to systems with any type of mobile channels.

connect
o(id) < and~y(e) = id
(0,7, Chan) cbid (¢',7', Chan)
wherey(e) =, id holds ify(e) is either undefined or is equal td, o’ = o[c/id], andy’ = v[id/e].
A component instance can connect to a channel-end if eitieechiannel-end is disconnected or it is
already connected to the same component instance.

disconnect
oid) s ¢

(0,7, Chan) g (o',v', Chan)
whereo’ = o[c/id] and
, v[L/e] ifvy(e) =1id (i.e.,7'(e) = L indicates that’'(e) is undefined)
vY=9 . .
v =~ ify(e) #id.
A component instance can disconnect from a channel-endsititrrently connected to it.
Thedisconnecbperation also succeeds if the component instance was noected to the channel-end
in the first place.

take andw'r;'zlte ,
a(y(s)) =5 ¢ ando(y(t)) LY e and(s, t) € Chan and~y(s) # (%)

t,v

(0,7, Chan) LY (o',v, Chan)
wheres’ = a[c/v(s)][¢’ /~(t)]. The operationsakeandwrite must be performed at the same time on
the ends of the same channel. The channel-ends must be tetht@the component instances, however,
we do not have to check this since the functipneturns only a connected component instance. Since
self-communication is a non-global internal issue of theponent we must insist tha{s) # v(¢).

read andw'r;'zlte .
a(y(s)) =5 ¢ ando(y(t)) RN and(s, t) € Chan and~y(s) # ()
(85500

) (

(0,7, Chan o',7y, Chan)
whereo’ = o[c'/+(t)]. The case of the operatiorsadandwrite is analogous to the casetakeand
write, with the exception that the operatiarite does not succeed yet. Only in combination wittake
operation can arite operation succeed, and before then many reads can happbka same channel.
The component instance performing thiBte operation can be seen as an unbounded source of the same
valuew, until atakeoperation is performed.

new channel
o(id)

(0,7, Chan) (ids) (o',+', Chan')

whereo’ = olc/id], v = v[L/s][L/t] and(s,t) & Chan and Chan’ = Chan U {(s,t)}. Upon
creation of a new channel, the channel-ends pair must reddjrexist. The new pair is added@@an.
They are initially disconnected .

v(s,t
( )c
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new Component instance

C iy
o(id) " ¢
(0,7, Chan) fid 1) (¢',7y, Chan)
whereid’ does not occur in the domain ef o' = o[c/id][¢'/id'], and¢’ = (co, K), with ¢ the
initial configuration of Comp;.
The creation of a new component instance consists of thete#leof a new component identifier

and initializing its configuration.

4.4. Trace Semantics

Given an initial setX” of channel-ends, we define formally the interfde¢( Comp, K') of a component
Comp as the set of component traces

{01 (a0, K) L3},

whereaq denotes the initial (abstract) state @émp and %, is the transitive closure of the transitive
relation—; of Comp collecting additionally the action-labels into the sequesh

In order to obtain the global traces generated by the glohasition system in a compositional man-
ner from the interfaces of its components, we introduce gption operatorP (6, id, K ) that extracts
from the global tracé the local trace of componeritl assuming that it is (initially) connected to the
channel-ends itk .

connect.
P(elidb,id,K) =el.P(0,id, K U{e})
P(eiid’.@,id,K) = P(0,id,K) id # id’

disconnect.

P(etid.0,id, K) =e?1.P(0,id,K \{e})
Petid 0,id,K) = P(6,id, K) id # id’

take and write:

slw.P(0,id, K) se€K
P({s,t,0,7).0,id, K) =4 170.P(0,id,K) teK
P(0,id,K) s,t ¢ K

read and write:

slw.P(0,id, K) se€K
P((s,t,v,0).0,id,K) =< t;jv.P(0,id,K) teK
P(6,id,K) s,t ¢ K
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- new channel:

PO id K id — id
P(lid s, 1).0,id, K) = 1P i K) id =i
P(,id,K) id # id’

- new component:

d", K'Y.P(0,id,K) id = id'
P((id id", K').0,id, k) = | \CKD-PO i K) id =i
P(6,4d,K) id # id’
We defineP (0, id) asP (0, id, ).
We have the following compositionality result.

Theorem 4.1. The set of global traces of a system of compondrismp;, ..., Comp, } generated by
the global transition system equals the set

{6 | Ok(0) andVid € comp(0). P(0,id) € Int(Comp, K)},

where comp(0) denotes the set of component instances occurriry ifihe predicateDk(6) rules out
occurrences i@ of communications involving channel-ends that are disected.
The proof of this theorem proceeds by a straightforward dtidn on the length of the computation.

It would be interesting to investigate if the above trace aetias is fully abstract with respect to an
appropriate testing equivalence [11].

4. 5. Mobile Channels asr-calculus Processes

In section 4.3 we used a simple labelled transition systemddel the observable interaction between
the components and channels of a system, which is enoughe@urposes of this paper. However, this
observable interaction can also be modelled using moredtdrl semantics like the-calculus [23]. In

[14] we introduce the MoCha-calculus, an exogenous coordination calculus that extifreds calculus

and is based on mobile channels. Channels in Moflaae (special kinds ofyr-calculus processes.
This allows the calculus to have user defined channel typdsut having to change the rules of the
calculus itself. MoChar offers high-level interfacevrite, take connectand disconnecioperations on
mobile channels. Therite andtake actions are dynamically transformed into a pattern of tiawfl
m-calculus synchronous actions, when a proaessiectedo a particular channel-end performs one of
these 1/O actions on it. Therefore, any mobile channel tiike FIFO, is dynamically transformed into

a w-calculus process that interacts with its environment byamseof synchronous-calculus channels
actions. Just like in our coordination model, in MoCharocesses have no direct references to channels
but only to channel-ends, and therefore, all interface atjmrs are performed on channel-ends. Futher-
more, another difference with thecalculus is that MoCha-treats channels as resources. Processes
must compete with each other in order to gain access to aphartichannel-end. More details about
MoCha+ and the modelling of mobile channes in thesalculus can be read in [14].
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5. Implementation in Java

The coordination model we present in this paper can be imgaiéead in any object-oriented programming
language that supports distributed environments, lika[l8}, or C++[28]. In this section we describe
an implementation of our model in the Java language.

The implementation consists of a framework that provides faecompilertool for writing compo-
nents, (b) mobile channels, and (c) operations on thesenelg&nAll the component source files have
the extension. cmp, and theprecompilertransforms them into normal Java files. We do not define a
new language: thecmp files contain Java code and theecompilerjust verifies certain restrictions we
need to impose to have components in Java. We explain thetsietiens gradually while describing the
implementation.

5.1. Components in Java

Usually, JavaBeans [19] are used to implement componenisva. However, they do not comply
with our definition of components (see section 2.1) for twasmns. First, a JavaBean consists of just
oneclass, and this puts a serious restriction on the internpleémentation of components. Second,
JavaBeans communicate with each other throerggnts while we want to use channels (see section
2.3).

Instead of using JavaBeans to implement components, waepsedkage feature of Java. However,
apackage is too broad and does not provide the hard boundaries we pe@dmponents (see section
2.2). Therefore, we impose some restrictions that must itedeby our precompiler. These restrictions
are (1) a component must hageleastone class that represents the componeritiserface through
which all coordination and access to channels takes play&h€sdnterfaceclasses are the onpublic
classes in @ackage; and (3) onlyinterfaceclasses can have methods thatguelic. For simplicity,
in the sequel we assume that the interface of a componenistonjust oneclass.

Implementing a component apackage plus the restrictions explained above has two major advan-
tages. One advantage is that access to a component is pasdipthrough its interface. This, combined
with the fact that internal references cannot be sent thr@uchannel (see section 5.5), makes it possible
to protect the internal implementation of a component.

The second advantage is that restrictions (1), (2) and @sarminimal that they do not impose
any real restrictions concerning the internal impleméotiabf a component. A component may consist
of one or more objects, one or more threads, its implememtatiay be distributed, or it may be a
channel-based component system itself, etc.

5.2. MoCha

Our Java implementation uses tinebile channels provided by the MoCha package. MoCha, is a frame-
work for mabile channels in distributed environments that supports mobilgydascribed in section 3.
More details on MoCha can be found in [12, 7].

In figure 4, we show how a channel is realized in MoCha. For aomepts, a channel consists of two
data-structures, theourceand thesink channel-ends, which they (separately) refer to thromggrface
references An interface referencés a reference from a component to a channel-end, restittia
access of the component to only the pre-defined operatiorteeochannel. These operations include:
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Component| Source Sink Component|
Channel End \><I Channel End
A / sink_rf @ [—® source_rf B

‘ Buffer ‘

Figure 4. A mobile Channelin MoCha.

create read take write, move anddelete The ends of a channel must internally know each other to
keep the identity of the channel and control communicatkeor. this purpose, the ends have references
to each other: thsinkrf- and sourcerf-fields in the figure. If the type of a channelasynchronous
then its channel-ends also have references to a buffer.mjplementation of this buffer depends on the
asynchronous channel type.

Component| Source Sink Component

Channel End ‘\><"' Channel End
C1 sink_rf @— | ——e source_rf cr
buffer_rf @ @ buffer_rf

L] o

= (link_rt } Buffer

Buffer link_rf @

C Component|
link_rf @ Buffer
c2 c2
Buffer link_rf @
f
. | .
. .
. .
C Component|
link_rf @ Buffer
Cn Cnmv
Buffer link_rf @

!

Figure 5. A FIFO mobile Channel in MoCha.

Figure 5 shows the implementation of an asynchronous FIFGilexchannel in MoCha. The buffer
is implemented as a chain of unbounded FIFO buffers, eacttipgito its next buffer through itenk_rf
reference. A local buffer is created by theurcechannel-end each time a component performs the
operationwrite and no local buffer yet exists. This buffer is then added &dkisting chain of buffers.
Buffers get destroyed when they get empty duetetkaoperation on theinkchannel-end. Both channel-
ends have referencdwyffer_rf, to a buffer. If this reference is local and the channel-endas to another
location, then the local buffer it refers to does not movénititinstead, thduffer rf reference is changed
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from local to non-local. With this implementation eaahite operation is always local. Aeadtake
operation is either local or non-local, depending on thew@amof elements needethoveoperations do
not involve data-transfer of elements at all [12, 7].

MoCha has been implemented in Java using the Remote Methodaiion,RMI, package[20].

5.3. Implementation Overview

Figure 6 shows a general overview of the structure of our émgintation. A component ispackage
that contains (a) alass that describes itsterface and (b) internal entitiesopjecty created by the
component’s programmer(s), which may also be actilieeéd3. This package is produced by our
precompilerfrom its . cmp files.

Component BasicComponent MoCha
A O Interface Uses High level Uses Low level

Mobile Channels Mobile Channele

Package Package Package

Figure 6. Implementation Overview

The componenpackage uses, with themport feature of Java, olasicComponeniackage. The
BasicComponenpackage is an extra layer, between the component and the low levellenobannels
of MoCha, needed in order to avoid dangling local referertoeshannel-ends that may result from
mobility. The BasicComponeniackage provides channel-endariablesthat only indirectly refer to
MoCha channel-ends.

A component can hav&ink andSource channel-end variables. However, it can perform operations
on these variables only through the coordination methods wofterface (see section 5.5). To accomplish
this, the package BasicComponent provides methods thatratected and which only the coordina-
tion methods of the interface can use. Hagkage also provides &ocation for the components. This
data-structure is used to identify both the location of tponent in the network (the IP-address) and
the specific virtual machine where it is running.

Observe that instead of MoCha, we can use any other impleti@miof mobile channels, if desired.

5.4. The Interface of a Component

The interface of a component has two partpaakage private part accessible only to the internal
entitie(s) of the component, anchablic part accessible to all the entities in the system. A compionen
interface is a normal Javdlass and should not be confused with tlieterface feature of this lan-
guage. Figure 7 shows the skeleton afcap file for the interface. There is some syntactic sugar in this
file that theprecompilertranslates into legitimate Java code:

e Component CompName;
must appear as the header of eactip file of a component. It is translated into
package ComplName;
import BasicComponent.x*;.
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e ComponentInterface IntName
is translated into
public class IntName extends BasicInterface.

The interface class inherits froRasicInterface, a class that contains basic methods for both the
public and thepackage private parts of the interface (see figure 8). The precompiler addsthss
to the component’s package, which precludes the posgibilichange by the programmers.

Component CompName;
/* add import list here */

ComponentInterface [IntName]l // default is CompNamelnterface

public IntName(/* parameters. For example, an initial set of channel-ends */)
super(loc); // call super class constructor
/* Create and initialize here all the entities of the component */
public void finalize()
{
/* Method is optionmal,
* perform cleanup actions before the object is garbage collected */
}

Figure 7. The. cmp Skeleton File for the Interface of a Component

Thepublic part of the interface consists of three parts (see figuresl Barone or more construc-
tors, agetLocation method, and &inalize method. The precompiler checks if these items are the
only public ones in the interface.

The interface can have one or margblic constructors. The class has@per class (see figure
8) that needs &ocation as a parameter for its constructor. This wayeawdorcethat each constructor
of the interface class must provideLacation, which is either created in the constructor or passed
through as a parameter. In the constructor(s) all intemtties of the component must loeeatedand
initialized. Thus, in order to create a component, it is enough to impartcomponent’s package and
make an instance of its interface class.

Optionally, afinalize method can be present to perform cleanup operations befooenponent
instance is garbage collected.

Channel-end references can be passed on through the abostiithe interface. These channel-
end references constitute the initial set of mobile chaends known to the newly created component
instance as defined in section 2.2. Alternatively, a chaandl set reference can be passed on to the
component instance for it to return a new set of channel-#matsit creates during the execution of the
constructor.

In this implementation we do not describe, nor dictate, aanyiqular way of expressing the observ-
able behavior of a component. For example, one can use theositional trace-based semantics given
in section 4.
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Thepackage private part of the interface includes the coordination methodsigeal by the class
BasicInterface (see figure 8), channel-end variables, and all the otheradstand variables in the
interface that are ngtublic. We explain the coordination methods in section 5.5.

package ComplName;
import MoCha.*;
import BasicComponent.*;

class BasicInterface

{

BasicInterface(Location loc)

public Location getLocation()

Object[] CreateChannel(ChannelType type)

boolean Connect(ChannelEnd ce, int timeout) throws Exception
boolean Disconnect(ChannelEnd ce) throws Exception

boolean Write(Source ce, Object var, int timeout) throws Exception
Object Read(Sink ce, int timeout) throws Exception

Object Take(Sink ce, int timeout) throws Exception

boolean Wait(String conds, int timeout) throws Exception

Figure 8. TheasicInterface Class

For simplicity, we assumed that the interface of a componensists of just onelass. However,
we do allow components to have more than OagponentInterface class. Therefore, a component
can provide several interfaces to its users with differéaivs and/or functionality.

5.5. The Coordination Operations

The interface of a component provides coordination metfardbe active internal objects (i.e¢hread$

in an instance of that component for operations on chaniidlese methods are listed in figure 8. The
threads cannot perform any operation directly on the cHeenmds, because the channel-ends do not
provide any methods for them, not even a constructor. Theethe only way to perform an operation
on a channel is to use the coordination methods in the conrmpamterface. The coordination operations
are divided in three groups: thepological operations, thénput/outputoperations, and thaquiry
operations.

These operations are basic operations and more compleatimper can be created by composition
of these basic ones. It is, also, the responsibility of themmonent to ensure proper synchronization
for its internal threads, if they refer to the same chanmnelse Our basic coordination primitives can be
wrapped in component defined methods to enforce such ihfgmiacols.

For every method containingtameout parameter, there is also a version without the time-out (not
listed in the figure). When no time-out is given the threadqrering the method suspends indefinitely
until the operation succeeds or the method throwesateption. For uniformity of explanation, we
assume that the time-out parameter can also have the spakiel ofinfinity. This way we need not
define two versions of each operation.
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Topological Operations

CreateChannel creates a new channel of the specifiggbe. The value of this parameter can be
synchronous or asynchronous channels liK&FO0, bag, set, etc. The channel-ends, source and sink,
are created at the same location as the component and tfegrees are returned as an array of type
Object: Object[0] = Source andObject[l] = Sink. We return this array, instead of sofigannel
data-structure containing the channel-end referencesdar to avoid introducing new unnecessary data
types. If desired, this method can be wrapped to return s@dlamnel class but this is not necessary.

Connect connects the specified channel-eradto the component instance that contains the thread that
performs this operation. If the channel-end is currentlgrExted to another component instance, then
the active entity suspends and waits in a queue until thengtaand is connected to this component
instance or, its time-out expires. The method returnse to indicate success, dalse to indicate
that it timed-out. When a connect operation is successfdlaher threads in the same component
instance are waiting to connect to the same channel-englathsucceed. If a thread tries to connect to
a channel-end already connected to the component instaats) immediately succeeds.

When theConnect operation succeeds, the channel-ginysically moves to the location of the
component instance in the network. All channel-ends caedet the component move along with it
while they remain connected.

Disconnect disconnects the specified channel-erdfrom the component instance that contains the
thread performing this operation. This methald/ays succeedsn a valid channel-end. It returngue

if the channel-end was actually connected to the compomestirice andalse otherwise. Ifce is
invalid, e.g.null, then the method throws an exception.

Input/Output Operations

Write suspends the thread that performs this operation untireitieObject var is written into the
channel-encte, or its specified time-out expires. Onfgrializable objects, channel-end identities,
and component locations can be written into a channel. SElr¢alizable objects are copied before
inserted into the channel, therefore no references to tieenial objects of a component can be sent
through channels. The method returns the valtee if the operation succeeds, and the vata@ se if

its time-out expires. The method throws an exception ifegite is invalid, the component instance is
not connected to the channel-end, fitgect var is notSerializable, oOr it contains a reference to a
non-Serializable object.

Read suspends the thread that performs this operation until @\al read from the sink channel-end
ce, or its specified time-out expires. In the first case, the prbtleturns éerializable Object, a
channel-end identity, or Bocation. In the second case the method returns the valild. The value
is not removed from the channel. The method throws an exaefteitherce is not valid, or the com-
ponent instance is not connected to the channel-end.

Take is the destructive variant of ttkead operation. It behaves the same @ad except that the read
value is also removed from the channel.



J.V. Guillen-Scholten et al./ Channel-based Coordinattodel 19

Inquiry Operations

Wat is the inquiry operation. It suspends the thread that persat until either the conditions specified
in conds become true or its time-out expires. In the first case the agetbturnstrue, and other-
wise it returnsfalse. The channel-ends involved itonds need not be connected to the component
instance in order to perform this operation, but an invalidrmel-end reference throws an exception.
The argumentonds is a boolean combination of primitive channel conditionshsasconnected(ce),
disconnected(ce), empty(ce), full(ce), etc.

5.6. A Small Example

We use a simple implementation of the mobile agent compooktite example in section 3, to show
the utility of the coordination operations provided by ouedsl. Figure 9 shows the Java pseudo-
code for this agentAgentInterface is the agent’s interface and consists of the basic intenife a
methodMove. This method moves the agent to the specified location, hegetith the channel-ends it
is connected toreadChannelEnd, writeChannelEnd, andchannel[1]). ThereadChannelEnd and
writeChannelEnd channel-ends are, respectively, the sink and the sourte ahiannels for interaction
with the component U. The agent has a list containing thetilmas of the information sources it is
expected to visit, together with their respective sourcandel-end references where it can issue its
requests.

void agentImplementation()
{

AgentInterface.Connect (readChannelEnd) ;

AgentInterface.Connect (writeChannelEnd) ;

Object[] channel = CreateChannel (FIFOchannel) ;

AgentInterface.Connect (channel[1]);

For each entry in informationSourcelist do
AgentInterface.Move(List [InformationSource].location, channel[1]);
AgentInterface.Connect (List [InformationSource] .sourceEnd);
AgentInterface.Write(List[InformationSource].sourceEnd, REQUEST + channel[0]);
AgentInterface.Disconnect(List[InformationSource].sourceEnd) ;
information.add(AgentInterface.Read(channel[1]));
information.transformation();
AgentInterface.Write(writeChannelEnd, information);

String cond ="notEmpty(" + readChannelEnd + ")";
information.clear();
if ( AgentInterface.Wait(cond, 0) ) then

read an instruction from this channelEnd and process it.
fi

od

AgentInterface.Disconnect(readChannelEnd) ;

AgentInterface.Disconnect (writeChannelEnd) ;

}

Figure 9. Simple Implementation of The Mobile Agent



20 J.V. Guillen-Scholten et al./ Channel-based Coordinatitodel

6. Related Work and Conclusion

In this paper we presented a coordination model for compemased software based on mobile chan-
nels. The idea of using (mobile) channels for componentithésundations in the earlier work of some
of the authors of this paper, e.g., in [5], [6].

Our model provides a clear separation of concerns betweeodbrdination and the computational
aspects of a system. We force a component to hawetariacefor its interaction with the outside world,
but we do not make any assumptions about its internal impiation. We define the interface of a
component as a dynamic set of channel-ends. Channels pranégthonymousneans of communication,
where the communicating components need not know each, athére structure of the system. The
architectural expressiveness of channels allows our modeasily describe a system in terms of the
interfaces of its components and its channel connectidrsdracting away their computational aspects.
Coordination is expressed merely as operations performeziich channels. The mobility of channels
allows dynamic reconfiguration of channel connections wighsystem.

ThePICCOLAproject [1] is related to our work. PICCOLA is a language fomposing applications
from software components. It has a small syntax and a mingetbf features needed for specifying
different styles of software composition, e.gipes and filters streams events etc. At the bottom
level of PICCOLA there is an abstract machine that consideraponents asgents These agents
are based on the-calculus, but they communicate with each other by senébingis through shared
channels instead of tuples. Forms are a special notion efisittle, immutable records. In comparison
with PICCOLA, our coordination model can be seen as a pasgilobile channektyle for component
composition. Therefore, the interfaces of our componemgiafined in such a way that they already fit
within this style. Because our model only focuses onrttubile channestyle, it is much simpler to use
when this style is desired. However, our model is not jusyke $ut also, like PICCOLA, a composition
language.

Certain aspects of and concernsR®@OM|[27] andDarwin [21], two architectural description lan-
guages (ADL), are related to our work. In ROOM componentgdaseribed by declaring their internal
structures, their external interfaces, and the behavighef sub-components (if they are composite
components). The interface of a component is a sgtoofs. A port is the place where components
offer or require certain services. The communication thtothese ports is bidirectional and in the form
of asynchronous messaging. The components of Darwin aiitasim the ones of ROOM, but instead
of ports, Darwin components hapertals These portals specify the input and output of a component
in terms of services, as in ROOM. However, thiading of portals is not specified, leaving them open
for all kinds of possible bindings. Another difference beem Darwin and ROOM, is that Darwin can
describe dynamically changing systems, while ROOM canritesonly static ones. This makes Darwin
more suitable than ROOM for component-based systems thaiurscoordination model. Of course, to
model mobile channels or the dynamic set of interfaces ohgpoment, for instance, some extensions to
Darwin would be necessary.

Other models for component-based software can benefit fnencaordination model presented in
this paper, because ours is a basic model that focuses otthg @oordination of components. Our model
can extend other models that are concerned with other aspiembmponents, for example, their internal
implementation, their evolution, etc.

Because our model providexogenougoordination (see section 2.3), it opens the possibilitgdo
ply more powerful coordination paradigms that are baseti@nstion of mobile channels to component-
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based software. One such paradigmRed3, 4]. Reosupports composition of channels into complex
connectors whose semantics are independent of the contpahey connect to. We are currently ex-
tending our coordination model for component based systemigler to support all the features Rea

Finally, although it is not the main purpose of this papee flava implementation presented in
section 5 shows not only that components can be implemesiad abject-oriented languages, but also
how this can be done. This demonstrates that a clear intagrat components is possible in object
oriented paradigms such as UML.
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