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Abstract

It is generally claimed that object-based models are very suitable for building
distributed system architectures since object interactions follovwcltast-
servermodel. To cope with the complexity of today's distributed systems,
however, we think that high-level linguistic mechanisms are needed to
effectively structure, abstract and reuse object interactions. For example, the
conventional object-oriented model does not provide high-level language
mechanisms to model layered system architectures. Moreovecpngider

the message passingpdel ofthe conventional object-oriented model as being
too low-level because it camly specifyobject interactionshat involve two
partner objects at a time aitd semantics cannot be extended easily. This
paper introduceg\bstract Communication Typ€ACTs), which are objects

that abstract interactions among objects. ACTs make it easiaydel layered
communication architectures, to enfotbe invariantoehavior among objects,

to reduce thecomplexity of programs by hidinghe interaction details in
separate modules anditoprove reusability througthe application obbject-
oriented principles to ACT classes. We illustrate ¢bacept of ACTs using

the composition filters model.

1. Introduction

The dynamic semantics afbject-oriented languagesre based onthe message
passingmechanism. A message is a request forolject tocarry out one of the
object's operations. Sincenbjects can only communicate bysending messages,
message passing is the basic means for creating executions in the system.

To copewith the complexity of today's distributed systems, thnk thathigh-level
linguistic mechanisms aneeeded tceffectively structure, abstraand reuseobject
interactions.



Originatingfrom the construction of operatirsystems|arge distributesgystems are
structured in terms of vertical layers. Functionally, each layer communicates with its
peer-level layer, although physicdata exchangeccurs withthe adjacentayers.

The conventionalobject-oriented model doesot provide high-level language
mechanisms to model layeresystem architectures. Moreover, we consider the
message passing model of conventional object-oriented languages atobdow-

level because it can only specify communications that involve two partner objects at a
time and itssemantics cannot be extended easily. Mechanismsnliezitance and
delegation only supporthe constructionand behavior of objects but not the
abstraction of communication amomwpjects. Thesenechanisms therefore fail in
abstracting patterns of messages and larger scale synchronization among objects.

We have applied theomposition filteramodel to abstract communications among
objects. In this approach, thebasic object model isxtended modularly by
introducing input and output composition filtershat affect the receivedand sent
messages respectivelithis mechanismenables software engineers to abstract
communications amongobjects into a first-class object called abstract
communication tyﬂe(ACT). ACTs make it easier to model layered architectures, to
enforcethe invariantoehavior amon@bjects, to reducthe complexity ofprograms

by hiding the interaction details and to improve reusability through the application of
object-oriented principles to ACT classes.

This paper is organized as follows. The next section describes the problems in object-
oriented modeling which form the motivatiofor abstracting inter-object
communications. Section 3 studige® backgroun@ndrelated work, including the
composition filters model. Section 4 first givedist of requirements teffectively
integrate  communication abstractions with thbject-oriented model. Ithen
introduces ACTs and explains how ACTs can be expressed using composition-filters.
Section 5 presents examples in 3 categories: examples of inter-ohjedant
behavior, inter-object synchronization, and coordinated behavior. Section 6 evaluates
the ACT concept as presented and gives conclusions.

2. The Problem Statement

The conventionabbject modeldack support for abstractingpjectinteractions. This
reveals itselthrough a number giroblemsthat areencountered irobjectoriented
software development:

1. Lack of Support for Meta-levels and Reflection:

Assume for exampléhat object A sends a message to a remobgect B by
executing the message statement

1 The term abstract communication type is derived from abstract data typeagnefer to

both objects and classes. Terms ACT object AGd class will be used to refer to an
object or class respectively.



B.moveTo(X, Y);

For A, the details of thisexecutionare abstractedHowever, inreality, this
message must be interceptedthy underlyingayer to determine, for example,
the physical location of theeceiverof the message.

From the object-oriented modeling perspectivihis requiresreflectior? of
messages. In message reflectitim so-called messagereification operation
allowsthe meta-layer tprocesghe explicit representation of the reifiatkssage
[Barber 89].

Conventional object-oriented methodBooch 90, Coad&Yourdon 9la,
Coad&Yourdon 91b, Champeaux 91, Rumbaugh 91] dprmtide support for
reflective system developmer@onventional object-oriented languages (such as
C++) provide only a limited or ad-hoc reflection [Madany et al. 92].

. Complexity and Lack of Reusabilitfhe manageability of programs affected

by the complexity ofinteractions among modules. In object-oriented programs,
the code for describing the interactions is distributeder the participating
objects.This causes a mixture of functionahd interactiorrelated code, which
affects both maintainability and extensibility.

Different classes may adopidentical patterns of communication and
synchronization. Similarly, a single clagsght participate in vaous patterns of
communication. Thus, hardcoding the interaction patterns agtass severely
reduceghereusability (ofthe class itselfand of the interactionode). Especially
reuse through extension (subclassing) is an important issue.

. Enforcing invariant behaviorlf the codethatimplements the invariariiehavior

is distributed over a number objects, verifyinghe invariants is far from trivial.
A single modulethat explicitly representshe interactiorbetween objects is an
attractive approach for ensuring the invariant behavior of this interaction.

2

A reflective system is a system which incorporates models representing (aspects of)
itself. This self representationéasually connectetb the reflected entity, and therefore,
makes it possible fahe system to answer questions abis¢lf and support actions on
itself. Reflectivecomputation ighe behavior exhibited by a reflective system. The term
reflection was introduced by [Smith 82] as a technique to structure and organize self-
modifying proceduresand functions. In [Maes 87] reflection was applied within the
object-oriented framework. Recently a considerable amount of haskbeen done in
object-oriented reflection, foexample, in concurrent programmifighisugi etal. 92],
operating system structuring [Yokote 92], compiler design [Lampired. &2] and real-

time programming [Honda&Tokoro 92].



3. Background and Related Work

This section describethe backgroun@ndrelated work for ACTs. It consists of two
main sections: in the firssectionthe relatedwork in analysisand design, and
programmingmodels is described. Ithe secondsectionthe composition-filters
model is explained. We will applthe composition-filtersnodel for expressing and
illustrating ACTSs.

3.1. Related Work in Object Interactions

This section describeghe work that hasbeen done with respect tobject
interactions. We first descriltbe attention thabbject-oriented analysisnd design
methods pay tomodeling object interactions, and themne specific modeling
approachContracts Then we discuss two programming modedspectivelyScripts
and reflective computation, how thegan be appliedfor abstracting object
interactions.

Object-Oriented Analysis and Design Methods

Most object-oriented analyséddesign methods model interactions amobggcts,
usually after identifyingnheritanceand part-of relations Different termsare used
to express objednteractions such asbject diagramgBooch 90], process model
[Champeaux 91]message connectiof€oad&Yourdon 9la]data-flow diagrams
[Rumbaugh 91Jand collaboration graphs [Wirfs-Brock etal. 90]. TheDemeter
system[Lieberherr et al. 91] is &omputer-Aided Softwar&ngineering €ASE)
environment which provides a tool to generate repeated operations called
propagation patternsin addition, the Demetaystemincorporates a design rule for
minimizing interactiondetween objectf_ieberherr&Holland 89']3. Object-Oriented
Design by Coadnd Yourdon [Coad&Yourdon 91b] introducestask management
component which aims at defining object interactions.

Object-oriented analyssnddesign methods model interactions amaibgects in a

way similar toobject-oriented languages. Basically, they defjrephstructureghat
represent execution threads and therefore these methods have the same limitations as
programming languages. Thask managementomponent [Coad&Yourdon 91b]

can be considered as a module to motgctinteractions. In this methotdpwever,

there is no emphasis on using these constructs for this purpose. Moregwoes, it

provide solutions to the problems as presented in section 2.1.

3 Contractswere developed as part of the research activities related to the Demeter

system.



Contracts

In the area obbject-oriented modelinghe idea ofspecifying objecinteractions as

an explicit module is applied ontractéd [Helm etal. 90,Holland 92]. Contracts
areused to specifhe contractual obligationghat aset ofparticipantsmustsatisfy.

It is possible taefinea contract in order to make it more specific and it is possible to
include existing contracts in a new contract. In its first version [Helrale®0] a
declarative languageas introduced to define contractual obligationsthi@second
version [Holland 92],however, a procedurdanguagewas adoptednstead of a
declarative one. In the following we refer only to the second version of contracts.

A contract specification includethe specification ofthe participatingobjects, the
contractual obligations adll participants, the invariants to be maintained by the
participants and the method which instantiates a contract.

A contract can beseen as ambstract class defining both abstracind concrete
methods for itsparticipants. The abstract methods must gdrevided by the
participants themselves. Thwncrete methods dhe contract (or its refinement)
override the concrete implementations of the participants. A contract may also define
variablesthat are shared by all the participants.ohder to put a contract to use, a
conformance declaration must be made which initialihes contract with actual
participants Obviously,these participants have satisfythe contractuabbligations

of the contract. Arobject mayparticipate in several contracts. Contraaffer two
alternatives: either the methods are implemented at the contract specificatiwy, or

are distributed over the participating classes.

Contracts are primarily targeted as a desagpi. Contractsaare quiteuseful for the
implementation of coordinated behavior and the abstractiohjettinteractions but

are unable toreflect uponthe actualmessage interactionsetween objects for
purposes such as monitorirand manipulatingmessages. Contractye treated
differently from normal classes. Contracts also do not address concurrency and
synchronization issues.

Scripts

A language construct callestripts [Francez 86vas introduced to abstragatterns

of messages into a module. A script is a parameterized program section in which
processe&nrol in order to participate. Theoncept ofenrolmentis similar to the
subroutine call mechaniswherebythe execution ofthe role in a given script
instance is a logical continuation of the enrollprgcess. A script consists of formal
process parameters calleales data parameters and a concurrent progsaation

called thebody Processes can enrol in scripts by mearenadl in statements.

Scripts are programmodulesand do notprovide mechanisms for object-oriented
computing. Scripts, for example, dwot allow users othe system to create several

4 Apart from the object-oriented language Sina.



instances belonging to the same communication module. Inheritance or delegation
mechanisms aralso not definedor scripts therebyesulting in a lessystematic
reuse of communication abstractions.

Reflective Computation

In principle, languageshat provide full reflectionare able to represenbbject
interactions. However, full reflective languages have complicated semamtiaeay
bring unnecessary additional complexity. Oparticular example of a restricted
reflectivelanguage isnaub [Agha et al. 92]. Eacbbject inMAUD ownsthree meta-
objectscalled adispatchey a mail queueandacquaintancesThe sent andeceived
messagesire handled by the dispatchand mailqueue objects respectively. The
acquaintancesbject contains a list obbjectsthat may be addressed ligs owner
object. InthemauD language, onean implement coordinatdsehavior by replacing
the meta-objectawith the objectsimplementing the requiregdrotocol. Toinstall a
protocol for an objecthe original mailqueueanddispatcher must be replaced by a
pair implementing the required protocol.

In MAUD, a sharedprotocol amongobjects isimplemented by mail queues and
dispatchers. Coordinated behavior is distributed ammat queueand dispatcher
objectswhich are added tall participating objects. Thereforalesigners cannot
define and reuse coordinated behavior as a single entity.

Apertos is an object-oriented reflective operataygtem [Yokote92] designed for
open and mobile computing environments. Apertos introducdgect/metaobject
separation in the operatirgystemdesign. Anobject is associatedith a group of
metaobjectsand ametaobject defineshe semantics of it®bject. An object can
change itsmetaobject(or group of metaobjects) byigration. AlthoughApertos
provides a generakflective system framework, it doe®t emphasize abstraction
and reuse of interactions among objects.

3.2.The Composition Filters Model

We will first briefly introduce the components of the composition-filtdect model
and therpresent them in greater detail later. This computatiodel is adopted by
the Sina language In Sina, operationandlocal variablesare calledmethodsand
instance variables respectively. As illustrated by Figure 1, a composition-filter
object consists of twparts: aninterfaceand animplementatiorpart. Theinterface
part deals with incomingand outgoing messages. It consists of one or nmiopat

S The early version ofthe Sinalanguage was published in [Aksit&Tripathi 88,
Tripathi&Aksit 88, Aksit etal. 91]. This version introducednly a simple filter
mechanism which was then callpdedicates The recent version of tHanguage was
published [Aksit etal. 92,Bergmans etl. 92]. These publications did not address the
issues related to abstramvmmunication types. The preliminary version of ACTs was
first published in [Aksit 89a].



and output filters optional internal and external objects and method header
declarations.

External
obyecrs

INTERIACE PART

INTERNALS Methods Externals

Implementation Part

Figure 1. The interface components of the composition-filters object model.

Filters are controlled by:ondition@. Filter names, method headersd condition
names can be madeisible to the clients of the object, however,their
implementations ardefined inthe implementation part annvisible. In Figure 1, a
possible effect ofhe input filters is shown. If anessage passésrough the input
filters it can be furthedelegated tonternal objects, methods axternalobjects. In
addition, Figure 1 depictthe effect of output filters on the outgoinmessages. All
the messagethat originatfrom method executionsithin the objectand are sent to
objectsthat areoutsidethe boundaries of the curreobjectpass through theutput
filters. Without filters, our model is very similar to the conventional object model.

The implementation part containgethod definitions, instance variable declarations,
definitions of conditions and an optional initialization operation. The
implementation part is fully encapsulated within the object.

The Interface Part

As an example of a simple class consider the interfegé of class Point We
present our examples following the Sina language notation.

6 In [Aksit et al. 92] conditions were callsthtes



classPointinterface
commentThis class implements a graphical point;
conditions
Initialized,; /I this condition is only valid after the object has been initialized
methods
moveTo(Integer, Integergturns Nil;
/I changes the coordinates of the point
getXreturns Integer;
/I reads the current x location of the point
getY returns Integer;
/I reads the current y location of the point
inputfilters
disp : Dispatch = { True=>inner.moveTo, Initialized => inner.* };
end,

Figure 2. Definition of the interface part of claB®int

The methodghat are to beisible atthe interface of th@bjectare declared in the
interfacepart bymethod header$ollowing the keyword methods ClassPoint, for
instance, declares the methadeveTo getXandgetYfor changingand reading the
coordinates of the poimespectively.The actual implementations of these methods
are encapsulated within the implementatpart. An appropriatenessage must be
sent to an instance of claBsintto invoke one of these methods.

An input filter specifies conditions for message acceptance or rejection and
determines the appropriagibsequent actiorilhe output filters handl@utgoing
messagesand arestudied in section 4. Aftethe keyword inputfilters, classPoint
defines a single input filter calletisp of cIassDispatcﬂ using the expression

disp: Dispatch ={.... };
An input filter of classDispatchis used tdnitiate execution of a method when the

corresponding message passes successflitlg. filtering condition,between the
brackets "{" and "}", is specified as

{ True=>inner.moveTo, Initialized => inner.* }

On theleft handside of the characters "=>", mecessary condition is specified,
denoted by the conditioentifiers, True andlnitialized in this case.

The current version of the Sim@anguage provides a number of primitive filters such as
Dispatch Meta Error, Wait and RealTime The Dispatch filter is explained in this
section. TheMeta filter will be studied in section 4. Therror filter is similar to the
Dispatchfilter but it does not provide a method dispatchiaises an errocondition if a
message does not pass throdigé filter [Aksit et al. 92]. The Wait filter is used for
synchronization [Bergmans el. 92]. The RealTime filter is used for realtime
computations [Aksit&Bosch 92]These filters can be used as both input and/or output
filters. An input filter composeshe signature ofts object whereas an output filter
specifies how its object sends messages to other objects. An important feature of all these
filters is thatthey are orthogonal to each othemd, thereforethey can be combined
freely.



Conditions are similar to logical propositions. The names of the conditions are
declared in the interfageart following the keywordconditionsand theirdefinition is
provided inthe implementation part. Conditiomsay reflectthe values of instance
variables, but may refle@xternal variables as well. lthis example, the condition
Initialized is set tarue if the instance variables of claBsint have been initialized.

The received message is matched with the method ngpeesied orthe right hand

side of the characters "=>". The character "*" indicates a wild-card or don't care
condition; if themessage matches with anytbé method namesrovided by class
Point it will be accepted for execution. An alternative could bkstoall the method
names explicitly. The pseudo-varialii@er denotes the methods definedRgint

An optional internal clause may be used to declare encapsulabjects whose
behaviorcan be made (partiallwisible onthe interface of the encapsulatinbject
by filter specifications.Internal objects differ from instance variableshbecause
internals areused to compostne behavior of thebject, whereamstance variables
represent the local data of tbeject. Anexternalclause may be used similarly to
declare exteriopbjectsthat are to baccessible tahis object. The use ofinternals
and externals will be explained when inheritance mechanisms are introduced.

The Implementation Part

The components of the implementatjpert areexemplified by clas®oint as shown
in Figure 3.

Instance variables are declared in th&varsclause. Instance variables drtdly
encapsulatecaind can beobjects ofarbitrary complexity. Clas®oint declares 3
instance variables named y and initializeDone Only the methodslefined within
the object's class may accefge instance variables directly, external clients of an
object or even its subclasses cannot do this.

The implementations of the conditions atefined by message expressions. The
structure of a condition implementation is similar to the structure of a method.
However, acondition implementatioalwaysresults in aBooleanvalueand isfree

of side effects

The initialization method of anbject is defined inhe initial clause.This method is
executed immediately after object creation.

The last component of the implementatjmart is the definition of thenethods. A
method consists of a series of message expressidres.control flow may be
controlled by a set of standardntrol statements



classPointimplementation
commentThis class implements a graphical point;
instvars
X, y: Integer
initializeDone: Boolean;
conditions
/I the conditions that were declared in the interface part are implemented here
Initialized:
beginreturn initializeDoneend,
initial
begininitalizeDone:= falseend;
/I here the initial method is defined, which is executed immediately after object creation.
methods
moveTo(x, y: Integerpegin ....; initializeDone:=truend,;
getX begin....end;
getY begin....end;
end,

Figure 3. The implementation part of claBeint

Message Evaluation by Filters

A filter is afirst-classobjectthat determines whether a particulaessage is either
acceptedor rejectedand whataction is to be performed in either case. Each filter is
declared as an instance of a filter class. A progranmmegy define anarbitrary

number of filters for arobject. Each filter can be an instance of an arbitrary filter
class. Thecomplete set ofnput filters of anobject determines the conditions for
message acceptance and determines which method will be executed upon acceptance.
Figure 4 illustrates how a message is evaluated by a set of filters.

This exampleconsists of three filter8, B andC. A received messaga has topass
through all the filters to result in successfuldispatch.Every filter consists of a
number of filter element@&wo or three in this example). Whenmaessage is to be
evaluated by a filter it will be checkexbainst the elements of the filter left-to-
right order. A filter element consists of three parts:

ﬁ RECEIVEd MESSAGE M Legend:
filrer element: <
St
S S
& <
== 55
S &P
: NP
=
= TARGET
B: .\\\\\\\\>x< [ m= fm‘é‘
v =< don'r care
MESSAGE:
C:‘ .“ selector
TARGET
condirtions:
D TRUE . false

Figure 4. Message acceptance by filters.
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» A condition which specifies a necessary condition to be fulfilledarder to
continue evaluating a filter element;

* A matching partin which the evaluatethessage is matchedjainst adefined
pattern;

» A substituting partwhere (parts of ) the message can be replaced.

In filter A, theselector othereceived message is matctaghinst theselector of the
matching part of each filter element; when the fikdgmentdoesnot match the
subsequent filter element is tried. In filkralthough both of the conditions drae,
only the second element matches thessage sincthe selector ofthe first filter
element does naohatch. Thanessage is accepted by fil&gand can theproceed to
the next filter.

In filter B, matching is not restricted to tselector othe message, bitvolves the
target of themessage as wellhe first element of Rloesnot match but theecond
and thirdelements do. Due tine left-to-right ordering, thenessage matches on the
second filter element and proceeds to the next filter.

Filter C demonstrates the fukxpressiveness of filter evaluation. It introduces
substitution of selectorand targets. In the filter, thigrst filter elementdoes not
match and the secorfidter element has a conditiaihat isfalse The message is
accepted atthe third elementand new values forthe target andselector are
substituted.

Since there is no subsequent filtdre type ofthe filter determines what will happen
with the messageCommonlythe last filter is of clas®ispatch which results in
delegation of the request message to its target object.

The conditions, the matchirgnd thesubstitution as provided by filters, provide a
generic mechanism for selecting messdupesedeither on theimproperties (selector

or target), or orsome condition specified e receivingobject. They also support

the renaming ofmessage selectoedredirection of messagdby substituting new
targets). Based othe acceptance or rejection of a messape, filter canperform
appropriate actions such as bouncing or blocking a rejected message or delegating an
accepted message.

Inheritance and Delegation Through Input Filters

This section demonstrates hawput filters can be applied to realibasic object-
oriented data modeling techniques, such as inheritandeelegation. In section 4
we will explain how filters can be used to define ACTSs.

In the composition-filters model, inheritance is doectly expressed by a language
construct but is simulated layput filters. In order to inherirom a class amternal
object must be declared as an instancethat class. Inheritance is simulated by
delegating messages tbe methodsprovided by this instanceobject. This is
exemplified by clasReferencePoinshown in Figure 5.

11



classReferencePoirihterface
commentThis class is a subclass of class Point and is used
as a reference point for a set of other points

internals

myPoint : Point;// instance of the 'superclass’ -digplAy
methods

displayreturns Nil; // displays itself on the current point
inputfilters myPoiNT(PoinT)

disp: Dispatch= { True=>myPoint.*, True=>inner.* };

end, RefeRENCEPOINT

Figure 5. The interface part of clag&ferencePoint

Class ReferencePointdeclares aninternal object myPoint of class Point and
introduces one methodisplay The methoddisplay makes the graphicadbject
visible at the current location.

The filter disp of classDispatch containstwo filter elements. The conditiofirue
preceding each filter element medhat thetarget-selector pair(s) on thmight-hand
side will always be checked. These two filter elements have the following meaning:

First filter element:

The first element of the filtemyPoint.* specifieghat all the incomingnessages
are delegated to thénternal object myPoint, providedthat these messages are
supported by clas®oint Since the methods dPoint are now available to
ReferencePointhrough an instance #foint, classReferencePoininherits the
operations of clas$?oint This techniquefor simulating inheritance islso
referred to aslelegation-based inheritance

When an instance of clageferencePoinis created, its internabjectmyPoint
is also created. An important feature herethiat instancevariables of the
superclassare only accessible through operations provided by the superclass.

The second filter element:

If the first filter elementdoesnot match with the message, the second filter
element is evaluated. Instead of delegating tmgarnal objectsuch asnyPoint
this filter elementdelegatesthe message tahe pseudo-variableinner8. By

8 Apart fromthe pseudo-variablener, two other pseudo-variableself and server are
also available as a means of self-reference. The variahéz allows direct internal
access otthe objects' own methodself refers to the instance of the claglsich defines
the method.If, for example,myPoint refers toself it will refer to myPoint but not
aReferencePointWe introducedinner to avoid infinitely nested compositionsSuch
nested compositions can be createshify selfis used. In order to refer to tlbjectthat
originally received the messagerveris used as a target. For examplanifPointrefers
to server it will refer to aReferencePointNotethat serveris dynamically bouna@nd is
equivalent to Smalltalkelf

12



declaring inner as a targebbject, classReferencePointmakes the methods
defined and implemented by itself available to its clients.

Note that since the filter elements asvaluated from left toight, thefirst element
prevails oveithe second one. The order of the filter elements can be manipulated to
bind messages to the desired tar%ets

Instead of using an internabject as darget, the programmenay also delegate the
incoming messages to axternal objectby declaring the target name in the
externalsclause. Becausexternalobjectsare not encapsulated within tlobject,
theycan be shared by othebjects. Inaddition, contrary to thanternals clause, an
external declaration does not result in automatic object creation.

4. Abstract Communication Types

4.1.Requirements for Abstract Communication Types

We have identified théollowing requirements for definingffectivecommunication
abstractions:

1.

First-class propert}o: If the communications amongbjects show a well-
defined, meaningful, complexand/or reusable behaviothen they must be
explicitly represented by one or more ACTée rationaldor this requirement is

that if communications amongpjectsarewell-definedand meaningfulthey are

likely to be problemdomain entities; ifthey are complex, then they can be
managed by the object-oriented techniques such as encapsulation and inheritance;
if they are reusablethey must be defined as clasd@bjects) since classes
(objects) are the unit of reuse.

An ACT class must be able to reuse other classgbdrsystem sahat ACT
frameworks may be constructed.

. Large scale synchronizatioMCTs must be able to express various concurrency

and synchronization schemes. Welieve that distributed applications can be
conveniently constructed using ACTs. Therefore, ACTs must helvesemantics

to express various concurren@nd synchronization mechanisms, such as
asynchronous communications, broadcasts, coordinated terminations, distributed
concurrency control algorithms, etc.

. Reflection upon messageés ACT must be capable of reflecting upon messages,

such as formonitoring, logging, affecting synchronization semantics and
message contents, or redirecting messages.

9

This is especially useful for solving name conflicts that are due to multiple inheritance.

10 First-class property means an ACT object is treated as an ordinary language object.
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4. Uniform integration of communication semanti€onsidering ACTs asbjects
only is not sufficient. Communication mechanisms defined by an ACT must be
uniformly integrated with the operations implemented by the participating
objects. An ACTmust be considered as tegtended identitgf the participating
objectd 1.

4.2. Basic Concepts

An ACT class is an ordinar8inaclass with the same syntaxd semantics. What
makes a class an ACT class is the way its behavmmrigposedvith its participating
objects. An ACT class operates on first-claspresentations of messages. For
converting a message into its first-class representation, we introdoew dilter
class calledMeta filter. An instance ofMeta filter has a structure similar to the
Dispatchfilter. The differencehere is that if theeceived message is accepted by a
Metafilter it is first converted to an instance of clddessageand therpassed as an
argument of anew message tthe ACT object. The conversion operation is also
known asreification. The ACT objectcan retrieve thenecessary information from
the messageaargument. An ACT caralso modifythe contents of thenessage by
invoking the operations of clagdessageFinally, an ACT carconvert an instance
of Messageback to a message executidine detailed explanations of clasketa
filter andMessageare presented in sections 4.3 and 4.4, respectively.

ACTs can be further classified abstract sender typg#\STs) andabstract receiver
types (ARTs)!2 ASTs and ARTs areresponsible for abstractingne-way
communication amongbjects.Variousways ofcomposing ACTsre illustrated in
Figure 6.

In Figure 6(a), eacbbjecthas anoutputMeta filter which interceptsand delegates

the outgoingmessages tdhe internal ASTobject. The internal ASTs that are
encapsulated by different objects may all belong to the same class to enforce common
protocols among objects. The AST object is responsible foabstracting the
communicatiorthatoriginates from the sendebject. The sendebbjectinherits the
behavior of the ASTobject in objectcommunication. This mechanismmiformly
integrates the communication semantics of the A8jectwith the sendeobject.
Typical applications of this architecture are asynchronous communications, encoding
messages etc.

11 The semantics of an ACT object can not be integratefbrmly with the behavior of
interacting objectgust byexecuting message calls. After each messagetialtontext
of the original call (such as the pseudo-variatatd is changed. As a consequenites
may result in a less reusableoordinated behavior sincthe ACT object can not
polymorphicallyrefer to the participating objects. This is equivalent toseiéproblem
as defined in [Lieberman 86].

12 This is an intuitive classification. Wieund outthat in practice designers of ACTs tend
to talk about ACTshat send or receive messages.

14



Figure 6(a). Outgoing messages are delegated to an internal AST object.

The architecture in Figurg(b) issimilar to 6(a),exceptthat a shared external AST
object is usedhstead of an internal one. Thalows communicatingbjects toshare
the behavior with a common state. For example, this él§dctcanstore the names
of the receiver objects in a multicast implementation.

Figure 6(b). Outgoing messages are delegated to an external shared AST object.

In Figure 6(c), eaclobjecthas an inpuMeta filter which interceptsand delegates
the received messages to the external ART object.

The ART object is responsible fdrandling incomingnessages. Examplese one-
way constraint solverssecurity protocolsdata handlers in atomic transactions,
decoding messages, etc.

Figure 6(d) combines the functionalities of A&fAd ARTtypes into a single external
ACT object. This object handles both incomingnd outgoing messages. Typical
examples arecoordinated behavior multi-way constraint solversdistributed
algorithmsetc.
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Mera-filter
Disparch

Mera-filter
Disparch

Figure 6(c). Composition of an external ART object with the participating objects.

Meta-filter Meta-filter
Disparch Disparch

Meta-filTer

Figure 6(d). Delegating all communication to an ACT object.

4.3. Modeling Software Using ACTSs.

In our analysisnddesign method, we apptire ACT concept as an object-oriented
modeling technique. As illustrated by Figure 7(a), during thass (object)
identification phase we explicitly search for classes that represent interactions among
objects. Typically, these classapanifest themselves as action abstractions,
distributed algorithms, coordinated behavior, inter-object constraints, etc. ACT
classes are not procedural abstractions but they are problem domain amtiiase

a well-defined behavior.

In some casesthe analystmay fail in identifying ACT classes. After the
identification of inheritancend part-of relations among classes, smecify object
interaction patterns. If there is gell-defined pattern amongbjectsand if this
pattern is meaningful in theroblem domainthen we represent them as ACT
objects. As shown irFigure 7(b), in such a case weove the object-interaction
behavior (code) to an ACT object.
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Many object-oriented methods defiassociationdRumbaugh 91petween objects.
Most associations represent message exchhaggeen thesebjectsand can be
conveniently represented by ACTs.

‘ RequirRemenT specification ‘

object . object
ACT
identification i identification
idenrification

Figure 7.1dentifying ACTs using (a) requirement specification and (b) object interaction
patterns.

We have applied the@bject-oriented analysiand design techniques to a large
number of applications [Aksit&Bergmans 92]. In various applicationscewdd
benefit from mechanismthat could abstracbbjectinteractions. One example was
the administratiorsystem for social security services [Gré&df]. In this system,
different objects were coordinating together to calculate payments. These
calculations werdghe implementations dfiws and could be abstracted by ACTs.
Another examplavasthe chemicaprocess contratystem for adistillation process
which wasdeveloped athe department of Chemical Engineerirgdpiversity of
Twente [Jonge 92]. Ithis system variouptimization algorithmsvere distributed

to different components. The algorithmere solving some well-defined differential
equationsand could be modeled by ACTshat implemented these algorithms.
Distributed systendesign clearly demonstratélde need of abstracting interaction
patterns [Aksit 89b, Bempt 91, Bergmans 90, Dolfing 90, Zondag 90]. In the
distributed systemdesign we could benefit from ACTSs, for example, in building
layered architecturesdedicated distributedoncurrency controlmechanisms and
implementingsecurity protocols

17



4.4. Class Meta-Filter

Instances of cladgletafilter areused to reify messag#sat pass through them. The
reified message is passed asagument of thenew message to an ACdbject.
Reification is needed to allothe ACT object to invokeoperations on the instance of
MessageConsider the following example:

aMetaFilter : Meta = { aCondition => [self.aMethodlACT.aMethodOfARCT };

There is nadifference between Bletafilter and otheffilters in themanner Hilter
expression is evaluateHowever,when themessage is accepted by a filter element,
which means both aCondition tsue and themessage isself.aMethod a new
message is createahd the originalmessage becomdbe argument of the new
message. Thenew message is composed afiacT.aMethodOfAacT(aMessage)
where aMessage the reified original message. If theceived message does not
match with aMetafilter it is passed tohe next filter. The semantics of cldgieta
filter are presented in Appendix B.

4.5. Class Message

A message irthe system becomes accessillben it is reified by aveta filter and
passed to an ACT as an argument of didsessageClassMessagadefines a number
of methods for accessirgnd changing theeceiver sendey server selectorand
argumentsof the message. In addition,ptovides methods for copying, reactivating
and replying to the message. The accessamyl changingoperations areself
explanatory. We will now describe the other methods.

The methodtopyreturns a copy of the message. Ekaderof thecopied message is
undefined unless it is explicitlyitialized. The reactivating methdde causes the
message to continue with its executidhe methodeply accepts amrgument and
sends this argument asraply message toéhe sender, stored internally in the
message. The interface methods of cMsssagere described in Appendix A.

4.6.Implementation Issues

Currently, we are carryingut a research activity fahe efficient implementation of
composition-filters. Ware experimenting with a Sina compitbiat generates C++
and Smalltalkcode. In most cases, ACTs dmt impose significanexecution

overhead, since thendethat isexecuted by an ACTan beinlined into the object

that ownsthe meta filter. This idecauseahe name of the ACDbject is explicitly

named in the filter initialization part.
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5. Examples of Abstract Communication Types

5.1. Example for an Inter-Object Invariant Behavior: One-Way Constraints

An instance of clasReferencePoinis supposed to stotke reference coordinates of
a figure. When the coordinates of theference pointare changed, then all the
dependant graphicalbjects must be updated accordingly. Thus a figasn be
considered as a constraint among the graphical elerttettdorm the figure. We
consider such a constrained behavior as a typical example of an ACT.

To composethis constraintbehavior with ReferencePointFigure 8 extends the
interfacepart by declaringobjectfigure of classOneWayConstrainin the externals
clause and by adding a new input filter calbestraintof classMeta

METa

Disparch

s

fiqure
(ONEWAYCONSTRAINT)

myPoiNT( PoiNT)

ReferencePoinT

classReferencePoirihterface
commentthis class is a subclass of class Point and is used as a reference point for a set of other

points ;

externals

figure : OneWayConstraintf/ instance of the 'ART class'
internals

myPoint : Point{/ instance of the 'superclass'
methods

displayreturns Nil; // display itself on the current point
inputfilters

{

constraint : Meta= { True => [*.moveTo]figure.applyConstraint };
disp: Dispatch= { True=>myPoint.*, True=>inner.* };

end,

Figure 8. Redefinition of the interface part of claReferencePoint

ClassReferencePoimtow has two filters enclosed by the charactera{d"}". The
filter constraintof classMeta contains a single filter element. The conditibrue
preceding the filter element meathsit thetarget-selector pair(s) on thight-hand
side will always be checkethe filter elementonsists oimatching andubstitution
parts:
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Matching part:

The matching part of the filter[*moveTo]' means that all the incoming
messages witlthe selectormoveTowill match. Thereceived message will be
converted to an instance of clagessageif there is a match. If theeceived
message does not match with Metafilter it is passed to the next filter.

The substitution part:

After themessage conversidhe message is sent as argument of thenessage
"figure.applyConstraint(aMessage)Object figure is declared in the externals
clauseand is responsible for enforcinghe constrained behavior among the
elements offigure. After updating the dependant graphical elemefitgire
convertsthe message back tihe execution form whictthen passes though the
second filter calleddisp of classDispatch The ®cond filter dispatches the
message to its target.

classOneWayConstrairinterface
commentthis class implements a one way constraint enforcing mechanism
methods
applyConstraint( Messagegturns Nil; // this is the independent reference message
putDependants( OrderedCollection(Any¥jurns Nil; // dependant objects are supplied
sizereturns Integer; // number of dependant objects
putConstraints( OrderedCollection(Block)eturns Nil; // store constraints for dependants
getConstraintseturns OrderedCollection(Block)/ retrieve constraints
inputfilters
disp : Dispatch = { true => inner.* };
end,

Figure 9. The interface part of clagneWayConstraint

Class OneWayConstrainis an ART and is a generahe-way constraintsolver
which providesthe consistency othe dependant variables when the independent
variable changes. In the following example variaglendz are dependants &f

y = f1(x) z = f2(x)

OneWayConstrainintroducesfive methods. The methoajpplyConstraintaccepts a

single argument of claddessage This argument isised aghe independentalue

for the one-wayconstraint solverThe methodputDependantsaccepts an ordered
collection of objects oény typeandstoresthem internally as dependauibjects. The
methodsize returns the number of dependaijects. The methodputConstraints
accepts an ordered collection of instances of @kssk as an argument. ClaBsock
represents a Sina method implementation. Each block is a constraint expression to be
solvedand corresponds to thebjectthat isstored at the same index location of the
ordered collection of dependants. For example, constraints on figure elearebts
expressed as

[moveTo( message.argument(1AX , message.argument(2)\Y)]
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Where messageis the argumenprovided tothe methodapplyConstraint The
methodargument( i )returns the;, argument of thisnessageAX andAY are the
coordinates relative to the reference point.

The methodyetConstraintsetrieves the ordered collectionBliocks

Note that classOneWayConstrainis a generic clasand can baeused in other
applications.

In the following example class BoundedFigure inherits from class
OneWayConstrainandrestricts the coordinates of the figure within a certain frame.
BoundedFigureintroducestwo new methods callecoutFrame and getFrameand
overridesthe methodapplyConstraint The methocputFrameaccepts amrgument

of classRectangleandstores it ashe boundary othe figure. The methodetFrame
returns the current frame of the figure. The methagplyConstraint of
OneWayConstrainis now overridden becausee allowed coordinates dhe figure

are restricted.

classBoundedFigurénterface
commentThis class inherits from OneWayConstraint and extend it further by putting a frame;
internals
figure : OneWayConstraint;
methods
putFrame( Rectanglerg¢turns Nil;
getFrameeturns Rectangle;
applyConstraint( Messagegturns Nil;
inputfilters
disp : Dispatch = { true => { inner.*, figure.* } };
end,

Figure 10. The interface part of claBoundedFigure

5.2. Example for Inter-Object Synchronization: Asynchronous Message Send

The updatanessages sent blge constrainsolvercan beexecuted asynchronously.
In Figure 11, clas®neWayConstraints extended by defining a new output filter
calledsendof classMeta This filter convertsthe outgoingmessages to an instance
of Messageand passes it to the internal objerssageSendef classAsynchronous
Class Asynchronousprovides asynchronous message pasaing its definition is
given in Figure 12.

ClassAsynchronouds an AST andlefines a single method calledessagelnput.
This methodaccepts an instance of clddessageas an argument andplies to this
message immediately wgturning theobjectnil to the sender. It theactivates the
message by invoking the methiii on this messagélotethat the matching part in
the dispatch filter [self.*]" will match with anymessagéehat is sent to an instance
of classAsynchronous

In Sina, unless mutuatxclusion is provided by a filter [Bergmans &t 92],
methods may be executed concurrentlyis class therefore may executencurrent
messagelnputvocations.
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ONEWAYCONSTRAINT

internals

messageSender: Asynchronous;

/I this is an instance of AST

methods
inputfilters

disp : Dispatch = { true => inner.* };
outputfilters

send : Meta = { [*.*] messageSender.messagelnput };

MESSAGE
Sender
Asynchronous)

(

UPAATE MESSAGES

end,;

Figure 11. Adding asynchronous message send
semantics to clag@neWayConstraint

classAsynchronousnterface
commentthis class implements an asynchronous message passing mechanism;
methods
messagelnput ( Messageejurns Nil; // message to be sent asynchronously
inputfilters
disp : Dispatch = { true => [self.*] inner.messagelnput};
end,

classAsynchronousmplementation
methods
messagelnput( originalMessage: Message);
begin
originalMessage.reply(nil);
originalMessage fire;
end;
end,

Figure 12. The interface and implementation parts of clasgnchronous

5.3.Example for Coordinated behavior: Atomic Transactions

For computer-aided engineering applications figures caprdeessed to calculate
certain features such asgolume, weight, etc. Inthe one-way constraint
implementation of Figure 11, dependadfijectsare updated by sending them a
number of asynchronous messagBsiring the update operation the figure is
inconsistent and, if there are oth@ocesses accessitigs figure, the results of their
computation may be inconsistent as well.

Atomic transactiondiave proven to be a usefulechanism to presenensistency
[Haerder&Reuter 83].Serializability and indivisibility —are thetwo important
properties of atomic actions. Serializability means that if several actierexecuted
concurrently, theymanipulate theaffecteddata as ifthey were executed serially in
someorder. Indivisibility meanghat either all or none of thatomic actions are
performed.

The implementation of clag8neWayConstraint extended in Figure 13 by defining
a second output filter nameatbmicof classMetato enforce consistent updat@dis
filter convertsthe messagehat isfired by messageSend an instance dflessage
and passes it to the internal objatimicUpdateof classTransactionManager
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The interface definition of clasBransactionManageis given in Figure 14. Class
TransactionManagemheritsfrom classCommitReceivand provides twomethods
calledsizeandtransaction The methodizeaccepts an integargument andgtores
it internally as the size of the transaction. The methadsaction accepts an
argument of clasMessageand executeghis message together with otheessages
as an atomic transaction.

In our example classTransactionManagerhas an instancevariable called

commitSendvhich implements a commit protocdihis protocol is explained with
the help of Figure 15(a-d). In 15(@pmmitSendreceivesthe transaction as a
message list froriransactionManageandfires them one by one.

ONEWAYCONSTRAINT

internals
messageSender: Asynchronous;
/I AST for asynchronous communication
atomicUpdate: TransactionManager;
/I AST for atomic updates
methods

ATOMIC UpdATES

inputfilters
disp : Dispatch = { true => inner.* };
outputfilters
{
send : Meta = { [*.*] messageSender.messagelnput };
atomic : Meta = { [*.*] atomicUpdate.transaction };

}

end, ATOMIC

Figure 13. Adding atomic transaction semantics to
classOneWayConstraint

classTransactionManagénterface
commentthis class sends a set of messages as a transaction;
internals
myCommitReceive: CommitReceivié;inherits from CommitReceive. It is used to commit or
/I abort the transaction
methods
size(Integeryeturns Nil; // size of the transaction block
transaction( Messagegturns Nil; // an element of a transaction block
inputfilters
disp : Dispatch = { true => inner.* };
end,

Figure 14.The interface part of cla§gansactionManager.
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iNpuT(MessaqeList)
S

MESSAGE. fire,

)

) TRUE/ Alsr
commiTSend

commitReceive Objecrs

Figure 15(a). Transaction starts.

The receiver objecmust incorporate an ART of clagsansactionManagerClass

TransactionManageinherits from classCommitReceivevhich is responsible for
handlingtransactioncommitandabort messages. When a message is festived

by CommitReceiveit goes fromthe idle to the commit pendingstate,and returns
true as shown in Figure 15(d).

As shown by Figure 15(b), #ll the responses t@ommitSendare true, then the
transaction commits.

In Figure 15(c) is showthatwhen a message returned adalse the transaction
aborts. During theommit pendingtate, ifCommitReceiveeceives a new request it
returnsfalseand thus causes the abortion of the corresponding transaction.

if all ReTurNEd TRUE THEN Q
COMMIT Q

&
2,
;

commitSend

commitReceive Objecrs

Figure 15(b). If all succeed then transaction commits.
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if one reTurned false Then Q

\00

Q AborT Q
commitSend

Figure 15(c).If one fails, then the transaction aborts.

commitReceive Objecrs

O/r’/

RECEIVEd MESSAGE/RETURN TRUE

COMMIT/PERMANENT COMMIT

pending

ReCEived MESSAGE/RETURN false

AbORT/REMOVE

Figure 15(d). The state transition diagram of cl&&smmitReceive.

Objectsthat require transactionddehavior must incorporate an instance of class
TransactionManageas an ART. ClasaAtomicPoinf shown in Figure 16, represents
the dependant graphical points which are to be updated whemetieeence point is
changed. Thiglassinherits from Point and delegates anynoveTomessage as an
instance oMessagdo its internalobjectatomic of classTransactionManagerThe
second filter dispatches to tlmternal objectsmyPointand atomig if the received
message passethrough it. Since TransactionManager inherits from class
CommitReceivé responds teaommitandabort messages.

classAtomicPointinterface
commentThis class makes point an atomic point;
internals
myPoint : Point;
atomic: TransactionManager;
inputfilters
makeAtom: Meta = {true=> [moveTo] atomic.commitinput};
disp : Dispatch = { true => atomic.abort, atomic.commit, myPoint.* };
end,

Figure 16.The Interface part of claggomicPoint

6. Evaluation and Conclusions

To illustrate theuseful features of ACTs, we presented examples in 3 categories:
examples of inter-objecinvariant behavior, inter-object synchronization, and
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coordinated behavior. Figure 17&)owsthe relations among thdasses as defined
in this paper. Figure 17(b) organizes these classes into a layered architecture.

In this section we analyz¢he composition-filters approach wittespect to the
problemsandrequirements we identified in sectiora®d 4.1 respectively First we

discuss how ACTs provide solutions ttee problems in section 2and how this is

illustrated by the examples in the previous chapter.

1. Lack of Support for Meta-levels and ReflectiohCTs can beused for
intercepting and manipulatingessages. Interception of messages is achieved by
the input andoutput filters of anobject, whereasnanipulation ofmessages is
made possible beta filters, since these transform messages into first-class
objects.This will allow the softwareengineer to modehnd implementayered
architecturesand extend themessage passing semanticstiué object-oriented
model if needed. Figure 17(b) shotie layered architecture as defined tims
paper.

2. Complexity and Lack of Reusabili&fCTs can make theomplexity ofprograms
manageable by moving the interacticode toseparate module3his allows for
reducing the number of inter-module relations and hiding communication details.
Classes OneWayConstraint Asynchronous and TransactionManager for
example, represent inter-object interactiofise details of these interactions are
abstracted by the methodllote that OneWayConstraint Asynchronousand
TransactionManageare generic classes and may be used in various applications.

Programmersmay apply object-oriented techniques, suchirdeeritance and
delegation, to achieve a more systematic reuse of these compdnkatgance
mechanisms will allow software engineers to constapgtlication frameworks
for different communication protocols. For example, constraint-bagstgms,
distributed concurrency controhnd recovery protocols, security protocols,
distributed schedulingnd optimization algorithms, etc. can leepressed using
ACTs. Thesoftwareengineer can tailor theseameworks forhis/her particular
needs. Properly designed ACTs can be highly reusable.

As illustrated byBoundedFigure ACTs can be extended through thse of
inheritance.  Another possible extension could be to subclass
TransactionManager for instance, to implementveak atomicity for some
actions. Thus, the implementation of AClassescan be changedvithout
affecting the participantobjects. For exampleéhe implementation ofclass
TransactionManageicould be changed ttwo-phase commit protocoivithout
affecting the instances of cla®neWayConstraint

3. Enforcing invariant behaviorilt is easier to enforcéhe invariantbehavior
among objects ifthere is a module explicitly representitigis behavior. For
example, constraints amongbjects are enforced by a single class
OneWayconstraintOtherwise, all the interacting-code among displajgcts had
to be taken into account.
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Asynchronous
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virtual machine

l:l application layers l:l system layers
(b)

Figure 17. Example classes (a) relations among classes
(b) classified into layers of abstractions.

We will now evaluate ACTwvith respect tathe requirementshat were stated in
section 4.1:

1. First -class property:ACT classesare first-classmodules because theye just
like other SinaclassesWhat makes a class an ACT clasghat it manipulates
messages as first-class obje@nd theway it is composedwith other classes.
Inheritance and/or delegation of behaviompisvided for ACT classethrough
the use of composition-filters.

2. Large scale synchronization:ACT classes can implement large-scale
synchronization among participatingbjects. A typical example is class
TransactionManager Sina provides mechanisms for concurrency and
synchronization since it is a concurrent language [Bergmans et al. 92].

3. Reflection upon message¥hrough theuse of classedMeta and Message
messagesan be manipulateldecause thegire abstracted by the methodslaiss
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Message For example, classefOneWayConstraint and BoundedFigure
manipulate the arguments wfessages to enfordbe consistency of dependant
objects.

4. Uniform integration of communication semantiésCTs are incorporated with
the participatingobjects byusing composition-filters. Since composition-filters
alsoare thebasic means for expressittte basic object-orientedata abstraction
mechanisms, ACTs are fully integrated with the object model.

The contribution of this paper is to introduce ttemcept of ACTs. Realization of
ACTs is made possible e introduction of anew type offilter: called Meta
Currently, we are experimenting with ACTs in buildiogject-oriented distributed
transaction frameworks [Tekinerdogan 92]. We also investigate mechanisms to
improve fault-tolerance, for example, by defining ACat managereplicated
objects transparently. Theconcept ofAcTs as introduced in this paper can be
effectively usedwith the other filter mechanisms presented in our earlier
publications. The composition-filter mechanisnagopted byhe Sina language and

an ICASE environment calledbjectComposejPool&Bosch 92].
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Appendix A - Specification of class Message

In this appendix the relevant method<lalssMessagearedescribed. As described,
classMessagehasfields for the receiverobject,the sendey the server the method
selectorand thearguments
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¢ getReceivereturns Any;
returns the receiver of the message object.

* putReceiver(Anyyeturns Nil;
changes the receiver of the message object into the argument object.

¢ getSendereturns Any;
returns the object that sent the message.

* putSender(Anyjeturns Nil;
changes the sender of the message into the argument object.

* getServereturns Any;
returns the object that originally receivib@ message, bthatdelegated it to the
receiver object.

* putServer(Anyyeturns Nil;
changes the server of the message into the argument object.

¢ getSelectoreturns Identifier;
returns the method identifier that is stored in the message.

¢ putSelector(ldentifierjeturns Nil;
changes the method identifier into the argument identifier.

* getArgument(Integemeturns Any;
returns the argument refered to by the integer argument.

¢ putArgument(Integer, Anydeturns Nil;
changes the argument refered to by the integer argument into the argument
object.

* copyreturns Message;
returns a copy of the message.

¢ fire returns Nil;
activates the message. If tiheceiver object isnot changed, thenessage is
evaluated by thesubsequent filter. Otherwise the message sent tthe new
receiver object, where it will be evaluated as any message.

¢ reply(Any)returns Nil;
sends the argument object as a reply message to the sender of the message.

Appendix B - The Semantics of the Message System

This appendixgives a formal description dhe message system. A message is
represented as

msg=(Q, 0. 9.0,[ @, A
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Where,Q; is the sender idnd O, is thereceiverid, O, is the serveobjectid, O is
the message selector, d@,...,a,] are message arguments.

The input filter set consists of filtefs , , ..., F, and theoutput filters set consists of
filters F,,,..., K, . Each filter k. has amessage queuMQ; . A filter of class

Error is always added aslast filter ., generating an error if message is not
dispatched so far. A filter of clag¥ispatchis always added aslast filter F, ., to
send a message once it passedrtloeitput filters.

In appendix A, methods of clabdessagevere introducedNow wewill describe the
semantics of the methodspy; fire andreply. In A(1), the methodtopyresults in a
new message witthe same structurexceptthe senderobject is howreplaced by
nil_obj. The methodire as defined inA(2), puts themessage ithe message queue

of the next filter. This filter is determined according to the declaration order. The
sender of théire message receives_obj as a result of this invocation. i(3), the
methodreply sends its argument asreply message tthe sender of the original
messageSimilar to theprevious formulathe sender of theeply message receives
nil_obj as a result of this invocation.

copy — (il _obj,q .Q ¢ ,[a....a ])
A1)
M =M U{ms
fire - QQRH+1 . QQR%:A { b
nil_obj
A2)
whereQ; is the reifying object
andF, is the reifying Meta filter

rep_obj0 T - q
nil_obj
A3)
Eachmessage is removed fraifme message queue tfe current filterand evaluated
according to the algorithm aescribed in section 4he filter can eitheacceptthe
message arejectit. In each case the filter will perform some action depending on its

type. The actions performed by filte®ispatch and Meta are described in the
following:

reply(rep_ obj) - {

The functionexecute(nsg )is used tastartexecution othe method as a result of
filter evaluation. TheDispatchfilter is defined inA(4). If the received message is
acceptechnd if thetarget of the message iself then thecorresponding method is

executed. If, howevethe target object isnot self then theaccepted message is put
in the message queue tfie first filter of thetarget object. If the message is not

acceptedthen it is put in thenessage queue tiie next filter. TheMeta filter is
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defined inA(5). If the message is acceptadsgis converted intonsg'and msg'is
put in the message queue of the first filter ofgphecified ACT. Ifthe message is not
acceptedthen it is put in themessage queue diie next filter. Theconversion
operation creates a hew messagg'with the currenbbject aghe sendey the ACT
object areceiver andserver the message selectdd ,; as specified irthe filter

expression and the original messaggas the argument of the message.

executefnsg ) if accepted and self = O

F (msg:Dispatch—- { MQ, =MQ, O{ms} if accepted and sel¢t O
MQg, =MQg U{msy otherwise
A(4)

where MQ, = MQ ofQ

MQ o1 =MQ ., O{msd} if accepted
MQg, =MQ. U{msy§ otherwise
A(5)
where (self, ACT, ACTO .;,[msd) = msg
and MQ; = MQ of ACT

and ACT = O

F (msQ:Meta - {
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